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1.0 


INTRODUCTION 


Tike Space Transportation System (STS) includes an upper stage or 
Space lug to perform higher-energy missions than are possible with 
the Orbiter alone. The Tug will be carried to low Earth orbit in 
the Orbiter payload bay. The Tug will separate from the Orbiter 
and go to various other orbits to deliver, inspect, service, and/or 
retrieve a spacecraft; it will also be used for planetary missions. 
This upper stage is envisioned as a high-performance reusable ma- 
chine with a high level of reliability., safety, and autonomy. The 
Tug offers economic benefits that augment the basic capabilities 
of die STS. 

National budget constraints Impose limits on early funding avail- ■ 
able for Tug development. Evaluation of various Tug options is 
therefore necessary for selection of the most cost-effective devel- 
opment plan without sacrificing potential economic benefits during 
the STS operational phase. This study was initiated to evaluate 
possible storable-propellant Tug configurations and program plans 
consistent with the above constraints. In the broadest sense, there 
are four program alternatives for the Space Tug: 

1) Use of existing expendable stages modified for use with Shuttle, 
followed by a Space Tug at a later date; 

2) Use of a modified growth version of existing expendable stages 
for greater performance and potential reuse, followed by a 
Space Tug at .a later date; 

3) Use of a low-development-cost, reusable, interim Space Tug avail- 
able at Shuttle initial operational capability (IOC) that could 
be evolved to greater system capabilities at a later date; 

4) Use a direct-developed Tug with maximum potential to be avail- 
able at some specified time after Space Shuttle IOC. 

The Space Tug Systems Study (Storable) considered program alterna- 
tives 3) and 4) using Tug configurations with Earth-storable propel- 
lants. Many variations, or "capability options," of these alterna- 
tives were considered. During the study, the capability options were 
narrowed down to three final options for detailed program defini- 
tion. 

- Final Option 1 - An interim Tug that would provide payload deliv- 
ery (but not retrieval) capability at or about Shuttle IOC; 

- Final Option 2 - A direct-developed Tug that would provide pay- 
load delivery and retrieval capability approximately four years 
after Shuttle IOC; 


- Final Option 3 - A phase-developed Tug that would provide deliv- 
ery capability at or about Shuttle IOC, and retrieval and increased 
performance capability approximately four years later. 

The final option definitions were evaluated in depth, Including 
subsystem characteristics, vehicle configuration, weight and per- 
formance, mission capture, ground operations, flight operations, 
ground support equipment, facilities, safety, programmatic* , and 
cost. Results of the final option definitions were presented in 

the Selected. Option Data Dump (Ref 5.8). 

* 

Study results are presented in Ref 5.1 through 5.11. This report 
summarizes these results and is baselined to the September data 
dump; results of subsequent analyses are presented as deltas or 
'‘Additional Analysis." 

GOALS AND OBJECTIVES 

The objective of this study was to systematically analyze program 
elements for storable propellant Tugs — progressively adding depth 
to the definition of these options that met user requirements in 
the most cost-effective manner. 

1.1.1 Overall Study Goals 

The goal of the study was to select the options that best satis- 
fied the following key issues: 

1) Provide maximum performance capability within physical, opera- 
tional, programmatic, and other constraints; 

2) Provide a high level of safety and reliability; 

3) Minimize development costs; 

4) Minimize production and operational costs through* reusability ; 

* > 

5) Define selected configurations and programmatics that minimize 
STS costs, provide reasonable yearly funding requirements, and 
.minimize program risks. 

-m) ** ' " .. ; 

1.1.2 ^Specific Objectives 

The. specific objectives for the study tasks presented in Section 
1.3 are: > 

1) Task 1 - Evaluate mission requirements to define program and 

system requirements . Determine whether candidate con- 
ceptual designs meet mission requirements. 
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2 ) Task 2 - Collect, analyze, and evaluate data for potential sub- 

systems, components, and propellant options. 

3) Task 3 - Synthesize Space Tug vehicle concepts from selected 

subsystem options, 

4) Task 4 - Provide programaatics and cost data to support evalu- 

ation of subsystems, vehicle configurations, and final 
option definitions. Programnatics includes schedules, 
test planning, manufacturing plans, logistic support, 
ground and flight operations, and CSE and facility 
assessment. 

5) Task 5 - Define the Final Options selected in depth, including 

design, performance capability, programmatics, and 
cost. Perform sensitivity studies to determine the 
impact of ground rules and assumptions used. 

GUIDELINES 


The principal guidelines used for the study are presented in the 
Data Package , Space Tug Systems Study (Ref 5.12) and the Spaae 
Shuttle System Payload Aeccrtracctions document, (Ref 5.13), Addi- 
tional study Inputs are presented in Ref 5.14 through 5.41. Sig- 
nificant ground rules and assumptions used or evolved during this 
study are: 

- The arbiter park orbit will be 160 n mi (296 km) in all cases. 

The Tug will return for Orb iter rendezvous to 170 n mi (315 km) 
orbit. 

- Tug payloads to be retrieved will be passive and designed for 
retrieval by the Tug, 

- During the Orbiter/Tug terminal rendezvous, the Tug will be 
passive cooperative. Normally, the Orbiter will perform the 
terminal rendezvous, docking, and retrieval in the acquisition 
of the Tug. 

- Contaminants from the Tug (including the A CPS thrusters) will not 
impinge harmfully on the spacecraft or the Orbiter. 

- The Tug ‘'Will be designed to be returned to Earth in the Orbiter 
and be ‘reused; reusability with minimum maintenance /ground-turn- 
around time is a design objective. 

- The Tug will permit monitoring of critical parameters/functions 
by the Orbiter at all times while in the cargo bay or in the 
vicinity of the Orbiter. 
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- The Space Tug will use Earth s to rabies as main-engine propel' 
lants . 

- The mission completion reliability goal for the Tug shall be 0.97 
minimum for all mission phases. Levels of redundancy will be 
selected and defined to meet this criterion. 

- The Tug design goal will be to provide sufficient protection to 
assure an 0.995 probability of no mission failures due to meteor- 
oid penetration for each mission. 

- The Space Tug will be sized in accordance with Orbiter payload 
capabilities and mission requirements. Specifically, the total 
gross weight of the Tug, spacecraft, and supporting equipment 
will not exceed 65,000 lb (29,484 kg); the Tug and supporting 
equipment will not exceed 35 ft (10.7 m) in length. 

- As a goal, no single Tug failure will result in a hazard that 
jeopardizes the flight or ground crews. Mo single Tug failure 
will result in unprogrammed motion of the Tug while in the vicin- 
ity of the Orbiter. Also: 

1) The design of the main propulsion system will be fall safe. 

2) The design of the ACPS will be fall-operational/fail-safe. 

3) The design of the critical command and control circuitry will 
be fail-operational /fail-safe as a minimum. 

5 • ** t i “ V 

- All primary and secondary structural components, where critical 

load conditions occur while the Space Tug is attached to the 
Orbiter, will be designed to an ultimate factor of safety of 1.4 
and a yield factor of safety of 1.?.. For a structural component 
whose critical load condition occurs when failure of the compon- 
ent will have no effect on the Space Shuttle .System, the compon- 
ent will be designed to an ultimate factor of safety of 1.25 and 
a yield factor of safety of 1.1. This includes the main propel- 
lent tanks for both internal pressure and externally applied 
loads. The proof pressure for the main propellant tanks is deter- 
mined from the greater of : (a) 1.05 x limit design pressure , or 

(b) a pressure determined from a fracture mechanics analysis, 

- sufficiently high to verify service life. All high-pressure ves- 
' flTsels will be ^designed to -an ultimate factor of safety of 2.0, 

1 'with proof pressure determined from the greeter of: (a) 1,5 x 

limit pressure, or (b) a pressure, determined from a fracture 
mechanics analysis, sufficiently high to verify service life. 
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- The lug evolutionary changes will be made in such a way as to 
minimize spacecraft requalification and interface changes; the 
basic Tug structure will not be involved. 

~ The communication system will be compatible with available NASA 
and DOD ground and space networks . 

- The Tug design for abort will be for normal landing loads, but 
with tanks full. For crash loads, the design will be with tanks 
empty and with sufficient structural integrity to preclude fail- 
ure but allow permanent deformation. 

- For calculating Tug configuration dry weights, a 10X contingency 
factor is applied to the total stage weight. 

- The Tug will be designed for propellant loading off-site in a 
vertical position with provisions for vertical or horizontal un- 
loading . 

- The Tug will be designed for vertical or horizontal loading/un- 
loading of the Tug into or out of the Orbiter, with or without 
spacecraft, and propellant tanks empty or full. 

- The Tug will have the capability of changeout with/without space- 
craft in ten hours and be capable of launch from ready standby 
within two hours. 

- For programmatic considerations , the number of Tug flights will 
be limited to three in 1980 and 21 in 1981, due to Shuttle avail- 
ability. For programs with an IOC of 1981 or later, a reasonable 
two-year buildup will be determined. Tug reliability losses are 
assumed to be one per hundred flights, each loss will result in 
an additional flight. 

STUDY PLAN 

Figure 1-1 is a logic flow diagram for the study, with the nomen- 
clature used throughout this report; applicable paragraph numbers 

are shown. The study consists of five basic tasks: 


3) .|Task 3: Configuration Concepts 

4) Task 4: Supporting Programmatics and Costing Analysis 

5) Task 5: Program Definition. 


1) Task 1: Mission Analysis 

tJi ^ -.*■>- 

s . Subsystem Analysis 
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Significant study milestones were: 

1) March 7, 1973 - Orientation Briefing (Ref 5.2) 

2) April lit 1973 - Requirements Assessment (Ref 5.3) 

3) May 30, 1973 - First Review (Ref 5.4) 

4) July 19, 1973 - Program Concept Evaluation (Ref 5.5) 

5) September 17, 1973 - Selected Option Data Dump (Ref 5.8) 

6) January 1974 - Final Review. 

1.3.1 Mission Analysis (Taak 1) 

This task outlined the overall Tug mission requirements and objec- 
tives, supported the selection of subsystems and systems meeting 
these requirements, and provided a detailed mission accomplishment 
analysis of selected configurations and programs. 

Overall mission requirements were derived from NASA-supplied mis- 
sion models and other data. • Results of this task are presented in 
paragraph 2.1. 

1.3.2 Subsystem Analysis (Task 2) 

The first part of this task (capability/requirements) was concerned 
with determining subsystem functional requirements, taking into con- 
sideration the tine-phased mission requirements and potential sub- 
system combinations making up candidate Tug configurations. The 
first part of this task was also concerned with collecting data on 
candidate subsystems and components and assessing their capabili- 
ties and limitations . The second part of the task consisted of 
• evaluating alternatives and selecting subsystem candidates to be 
used in the synthesis of the various Tug configurations. The re- 
< suiting ’'selected subsystem candidates'" were presented at the First 
Review on May 30, 1973 (Ref 5.4). 

The subsystem analysis continued throughout Tasks 3 and 5: The 

selected subsystem candidates were used in the configuration syn- 
thesis and .screening in Task 3, from which Tug families were se- 
l] lected as described in paragraph 1.3.3. The final option deflnl- 
' tions evelvingfrom Task 3 were used in the program definition dis- 
cussed in paragraph 1.3.5. 

Descriptions of subsystem candidates and how they evolved through- 
out the study are presented in Section 2.2. 
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1.3.3 Configuration Concept* (Ta*k 3) 

Selected subsystem candidates resulting from Task 2 were used to 
synthesize various Tug configurations. Candidate Tug configura- 
tions were screened against previously developed criteria and “Tug 
families" were selected for each of seven capability options refer- 
red to as "buckets". The capability options are defined in para- 
graph 2.3. Concurrent with the definition of Tug families, the 
operations, supporting equipment, and interfaces were defined. 

Results of this task were presented at the Program Concept Evalua- 
tion (Ref 5.5). Details were presented in paragraph 2.3 of this 
report . 

Three final options were selected for definition in Task 5. A 
single-stage configuration and a stage-and-a-half configuration 
were identified for definition in one of these three final options. 


1.3.4 Supporting Programme tics and Costing Analysis (Task 4) 


This task provided the necessary programmatic data in the form of 
project schedules, programmatic analyses, test planning, manufac- 
turing analyses, and cost analyses to support evaluation of the 
selected subsystem candidates, selected Tug families, and final 
option definitions (Tasks 2, 3, and 5). This task also Identified 
and analyzed facility and logistic support requirements and the 
repair and refurbishment modes. 

1.3.5 Program Definition (Task 5) 


Final options selected from Task 3 are identified in Table 1.3-1. 
These were analyzed in depth in Task 5. Subsystems were defined to 
WBS Level 6, including subsystem characteristics, installation and 
supporting systems. Tug Inboard profiles were prepared, and Tug 
mass properties were determined. From these data, Tug performance 
capability was calculated and mission capture analysis was com- 
pleted. The mission capture analysis was used to determine launch 
rates, ground support requirements, and crew sizes, which were re- 
flected in operational costs. Detailed schedules were prepared 
for each final option and costs estimated to WBS Level 6. Sensi- 
tivity -studies were also conducted, as shown in Table 1.3-2. 


» 1 * ■ j ***■ ' - * ' - 

Results, of this task were presented at the Selected Option Data 
Dump ^Ret 5.8). Details are presented in paragraphs 2.4 through 
.2.6 of this report. 


'Study results and detailed supporting data are baselined to the 
Selected Option Data Dump. Additional analyses and subsequent 
deltas to these results are presented in paragraph 3.0 of this 
report. 


1-8 


Table 1.3-1 Swmzry of Final Option Definitions 


ORIGINAL PAGE IS 
OF POOR QUALITY 



•Payload capability to geostationary orbit 
































































ORIGINAL PAGE 13 
OF POOR QUALITY 


Table 1.2-2 Task 5 Sensitivity Studies 


A. SPECIFIC TASK 5 SENSITIVITY STUDIES 


1, Impact of providing power to the payload 


2. Autonomy sensitivity study 


3. 0.97 reliability sensitivity study 

A. 30-day servicing mission 


3. Impact of DOD communications requirement 


6. Impact of payload command, control, and checkout requirement 


7. Structural design-life sensitivity study 


8. Impact of deploying/retrieving a spin-stabilized payload 


9 . Impact of rendezvous and docking 


B. PROGRAM OPTION SENSITIVITY STUDIES 


1. Sensitivity study on main engines 
. 2. *J0C sensitivity studies - each Final Option 

; ^liliipact of DOD programmatics - each Final Option 
~l‘4. ‘"Tug off-loaded sensitivity study 
.,5. - Additional payload capture potential 


■ . « »- " . ' • - 

’ ; - , *, ,» -i ix* 

1.4 . KEY -ISSUES 

• ; *•' The following key issues are indicated by the Overall study goals: 

1) Provide- maximum performance capability within physical, opera- 
-* 't-vV ' >?-- >tlonal; progtcmnatic, and other constraints; 

■ ' .i.' - 'i * c * 

level of safety and reliability ; 

■ - - * “ : , . »vK- - 

,“3) Minimize development costs; 


4) Minimize production and operational costs through reusability; 

5) Define selected configurations and programmatics that minimize 
-STS cosrs; provide reasonable yearly funding requirements and 
minimize program risks. 



These key issues have been addressed in a logical and systematic 
manner, as shown in the study plan (paragraph 1.3). Results are 
summarized in the following paragraphs. 

1.4.1 Provide Maximum Performance Capability within Physical, 
Operational, and Programmatic Constraints 

A standardized mission modal was developed that challenged the abil- 
ity to provide maximum performance capability within the guidelines 
presented in paragraph 1.2. Maximum performance capability was 
achieved through the trade studies and iystem optimization in Sub- 
system Analyses (Task 2) , Configuration Concepts (Task 3) , and Pro- 
gram Definition (Task 5). For example, the avionics subsystem se- 
lected uses a flexible signal Interface (FSI) concept, which pro- 
vides maximum capability , flexibility, and reliability with minimum 
weight. 

The resulting geostationary performance capability is shown in Table 
1.3-1 for the final option definitions. Table 1.4-1 presents a sum- 
mary of the mission accomplishment based on 100% capture. Details 
are presented in paragraph 2.1. Multiple spacecraft delivery mini- 
mizes the number of flights required; Tug length is as important as 
delivery capability in minimizing the number of flights. A "delayed 
retrieval" mode is used to retrieve spacecraft that exceed the capa- 
bility of a single Tug. 

Delayed retrieval is defined by the following types of flights: 

1) Type A - Delivery and Daorbit for Delayed Retrieval - This is a 
combined delivery and deorbit flight of a Tug to geostationary 
orbit. The Tug delivers one or two spacecraft to geostationary 
orbit, then rendezvous and docks with a spacecraft to be re- 
trieved, than performs a deorbit burn and releases the space- 
craft into an intermediate orbit for later "delayed retrieval 
flight" as described in 3) below. 

■2) Type E - Dedicated Deorbit for Delayed Retrieval - This is the 
flight of a Tug to geostationary orbit where it rendezvous and 
docks with a spacecraft to be retrieved, then performs a deorbit 
butn_and. releases the spacecraft into an intermediate orbit for 
■a plater "delayed retrieval flight" as described in 3) below. 

. i • ■ . 

■ 3 ) " . Type C — Delayed Retrieval Flight - This is the flight of a Tug 
to an intermediate orbit (not geostationary) where it retrieves 
a spacecraft previously deorbited from a geostationary orbit by 
an earlier Tug flight. 


1-11 




Table 1.4-2 Sumary of Mission Aooompltehment (100% Capture) 



Final Option 


1 

2 

3 

3A 

Spacecraft Delivered 





NASA 

201 

136 

201 

201 

DOD 

159 

122 

186 

186 

Total 

360 

258 

387 

387 

Spacecraft Retrieved 





NASA 

- 

90 

87 

87 

DOD 

- 

89 

84 

84 

Total 

- 

179 

171 

171 

Total Spacecraft 

360 

437 

558 

558 

Delivery Flights 





NASA 

12A 

75 

115 

107 

DOD 

114 

39 

80 

79 

Total 

238 

114 

195 

• 186 

Retrieval Flights 





NASA 

- 

90 

87 

87 

DOD 

- 

89 

84 

84 

Total 

- 

179 

171 

171 

' **' Total Flights 

238 

293 

366 

357 


" i4 -fey 













Table 1.4-2 presents a breakdown of the retrieval flights, Includ- 
ing the types of delayed retrieval described above. 

The sensitivity studies conducted in Task 5 revealed the following 
effects on the performance capability of the final options. 

1) Providing power to the spacecraft has a significant effect on 
the performance of a battery-powered Tug and drives the design 
to a solar-array system. 

2) Level 1 autonomy has a significant 'effect on performance. Other 
levels of autonomy do not. (Autonomy Level II was baselined.) 

3) Safety and reliability requirements (which affect performance) 
are equal drivers. 

4) The storable Tug can readily perform a 30-day servicing mission. 

5) Requirements for DOD communication,, payload command control and 
checkout, and spin/despin of the spacecraft do not have a slgnlf- 
efiect on performance capability. 

6) Rendezvous and docking has a significant effect on delivery capa- 
bility if delivery and retrieval are performed on the same flight. 

1.4.2 Safety and Reliability 

Safety and reliability were considered to be key Issues throughout 
this study. Safety reviews insured that every Tug candidate was a 
safe and effective element of the Space Transportation System. Fail- 
operational/fail-safe requirements were met without exception. Be- 
cause safety requirements dictated subsystem redundancy in many places , 
achievement of reliability requirements was insured. Sensitivity 
studies indicate that reliability and safety are equal drivers. 

Emphasis was placed on compo. nt selection and redundancy in the 
subsystems so that all candidates met or exceeded safety and reli- 
ability requirements. Reliability for the final option definitions 
is discussed in paragraph 2.4; safety is discussed in paragraph 
2.5.1. 


1.4.3 Minimum DDI&E Costs 

Components, subsystems, and systems were selected to minimize devel- 
opment costs. In general, near-state-of-the-art technology was used 
so that performance increases could be achieved with minimum DDT&E 
costs. A substantial list of supporting research and technology 
(SRT) was identified that would precede the development phase to 
reduce program risk. 



Table 1.4-2 Breakdown of Retrieval Flights (100% Capture) 


Item 

Maximum retrieval requirement 
(geostationary) 

Retrieval capability (geostationary) 


Spacecraft requiring retrieval 

Flights required for 100% capture 

Round-trip flights (deliver & 
retrieve same type of spacecraft) 

Unequal round-trip flights (deliver 
& retrieve different types of 
spacecraft) 

Retrieval flights (retrieval with no 
delivery) 

Delivery & deorbit for delayed 
retrieval' (iype"A) 1 

- /r> ' ’ ' t t » 'V . 

Dedicated deorbit for delayed 
retrieval (Type B) , 

Delayed retrieval flight (Type C) 


Option 

2 

3 

3A 

3500 lb 
(1588 kg) 

2200 lb 
(998 kg) 

2200 lb 
(998 kg) 

1800 lb 
(816 kg) 

1800 lb 
(816 kg) 

1900 lb 
(862 kg) 

179 

171 

171 

225 

208 

208 

77 

77 

76 

16 

18 

17 

40 

39 

41 

43 

34 

35 

3* 

3* 

2* 

46 

37 

37 


♦These flights were dedicated deorbit flights because no spacecraft 
existed in these years that required delivery. 












DJDT&E costs for the final selected options as presented in the 
Selected Option Data Dump (Raf 5.8) are presented in Table 1.4-3. 

Hie cost of first Tug, which carries an operational payload, is 
included. Kick-stage (Space Tug auxiliary stage) costs are also 
Included. 

Additional Analytic (para 3.6) shows that the DDT&E costs can be re- 
duced considerably by revising certain ground rules and assumptions. 

1.4.4 Minimum Production and Operations Costs through Reusability 

The reusability of the final, option definitions provides for minimum 
production and operations costs » For example. Final Option 3 re- 
quires only 16 Tugs and 9 kick stages to accomplish 352 flights. 

Hals includes four reliability losses (one loss per hundred flights) 
and eight Tugs, which are expended on high-energy planetary missions. 

Table 1.4-4 presents fleet size and operational data for each final 
option. The number of flights differs from that shown in Table 1.4-1 
because the number of flights has been limited in the first two years 
of operations and reliability losses have been added. (See Guide- 
lines , (para 1.2.) The stage-and-a-half configuration (Final Option 
3 A) suffers from lack of reusability due to the large number of drop 
tanks expended. 

Tables 1.4-5 and 1.4—6 present production and operating costs, re- 
spectively, for the final option definitions presented in the Se- 
lected Option Data Dump (Ref 5.8). Additional analysis (para 3.6) 
shows that production and operating costs can be reduced considerably 
by revising certain ground rules and assumptions used. 

1.4.5 Program^ * r i cs and Transportation Costs 

Table 1.4-7 summarizes total transportation costs for each final 
option definition as presented in the Selected Option Data Dump (Ref 
5.8). The phased-development program (Final Option 3) returns the 
tu)st benefits (in terms rf the number of missions achieved) for the 
cost expenditure . The s tage-and-a-half (Final Option 3A) requires 
fever flights for mission model capture, but the Shuttle cost sav- 
ings are more than offset by the higher Tug costs. 

IOC sensitivity studies indicate that stretching out the develop- 
ment time can reduce annual peak funding requirements, although this 
increases total DDT&E costs slightly. Peak funding, should be a key 
factor in choosing the optimum program for the Tug. 

Sensitivity studies also show that use of the DOD programmatic ap- 
proach reduces risk, but delays production, producing an uneven dis- 
tribution in annual funding requirements. It is therefore recom- 
mended that commit- to-p reduction not be contingent on flight test 
evaluation. 
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ible J. */-J Dave lepment Cost Breakdown 


Identification 


Project Management 

Systems Engineering 

Tug Vehicle Main Stage 

Tug Vehicle Auxiliary Stage 

Logistics 

Facilities 

CSE 

Vehicle Test 

Flight Operations - DOD 

Flight Operations - NASA 


Total 


Final Option, $M 



19.5 

31.1 
192.0 

26.1 
3,1 

19.6 
29.0 
57. A 

1.0 

1.7 


236.8 297.7 353.7 380.5 


Table 1.4-4 Production and Operations Data 



Launch Operations (Years) 

Crew Size - ETR 

- WTR 

• - Central Support 

- Total 

Number .of Flights* - NASA 

- DOD 

- Total 

Expendables - Tugs (Main Stage) 

- Kick Stage 10 

- Kick Stage 1.5 

- Kick Stage 10/1.5 

- Drop Tanks 

Fleet Size - Tugs (Main Stage) 


♦Includes reliability losses & 
limited flights in first two years 




Final Option 

2 

3 

3A 

7 

11 

11 

1A2 

1A2 

156 

86 

86 

100 

1A 

12 

1A 

2A2 

2A0 • 

270 

139 

196 

189 

115 

156 

155 

254 

352 

344 

6 

8 

8 

5 

5 

5 

- 

A 

4 

- 

- 

292 

13 

16 

16 

3 

4 

4 


6 

























Table 1.4-1 Production Cost Breakdown 


WES 


Identification 



Final Option, : 

$M 

1 

2 

3 

3A 

7.8 

8.0 

9.8 

11.0 

13.7 

14.7 

17.9 

18.0 

99.6 

104.6 

126.5 

300.9 

3.5 

4.4 

4.9 

5.2 

19.1 

7.2 

18.2 

18.1 

0.7 

0.4 

0.4 

0.4 

1.8 

1.8 

1.9 

1.9 

19.5 

27.6 

29.3 

■32.0 

0.1 

0.1 

0.1 

0.1 

0.3 

0.3 

0.3 

0.4 

166.1 

169.1 

209.3 

388.0 


01 Project Management 

02 Systems Engineering 

03 Tug Vehicle Main Stage 

53 Spares, Tug Vehicle Main Stage 

04 Tug Vehicle Auxiliary Stage 

54 Spares, Tug Vehicle Auxiliary Stage 

05 Logistics 

07 CSE 

11 Flight Operations - D0D 

12 Flight Operations - NASA 

Total 


Table 1.4-6 Operations Cost Breakdown 


WBS Identification- 


Final Option, 

$M 

1 

2 

3 

3, A 

01 Project Management 

20.8 

13.2 

20.0 

20.2 

02 Systems Engineering 

45.6 

36.2 

49.3 

50.3 

S3 Spares, Tug Vehicle Main Stage 

13.9 

17.4 

19.6 

20.9 

S4 Spares, Tug Vehicle Auxiliary Stage 

1,7 

1.5 

1.7 

1.7 

05 Logistics 

5.8 

4.7 

6.2 

6.2 

06 Facilities 

4.1 

3.8 

3.9 

3.9 

07 CSE 

7.8 

6.5 

8.5 

8.5 

09 Launch Operations * WTR 

12.0 

16.6 

19.7 

20.9 

10 Launch Operations - ETR ' 

25.5 

25.5 

38.4 

41.2 

11 Flight Operations - DOC 

13.7 

13.2 

16.9 

17.9 

12 Flight Operations - NASA 

17.2 

15.5 

22.3 . 

23,6 

13 Refurbishment & Integration - WTR 

24.2 

29.9 

36.5 

36.5 

14 . Refurbishment & Integration - ETR 

f 

49.7 

49.7 

75.3 

75.0 

Total- 

242.0 

233.7 

318.3 

326.8 
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Table 1.4-7 Coat Summary for Final Option Definitions (Selected Option Data Dump) 



Production 

Operations 


Total 


Number of Flights 
Average Operations Cost per Flight 
Shuttle Costs 
Transportation Cost 


Final Option, $M 

1 

2 

3 

3A 

(12.2) 

(19.8) 

(19.8) 

(20.0) 

237 

298 

354 

381 

166 

169 

209 

388 

242 

234 

318 

327 

645 

701 

881 

1,096 

227 

254 

352 

344 

1.07 

0.92 

0.90 

0.95 

2,384 

2,667 

3,696 

3,612 

3,029 

3,368 

4,577 

4,708 


Table 1.4-8 Cost Summary for Revised Option Definitions 


.* * i 


Final Option, $M 


• 

1 

2 

3 

3A 

•••.*• t' 4 * ’ 

Tug Costs 

SRT ' ^ ’ 

DDT&E 

Production . 

Ope rations * - 

(12.2) 

183 

158 

224 

(19.8) 

254 

153 

208 

(19.8) 
263 
190 
. 256 

(20.0) 

286 

361 

261 

Total ,y ^ rf**- . . ■>' : 

565 

615 

709 

908 

IF. • ••< tl *"*1 * •'( -V-.. ■’ » 

4 <*\ :■ t 

227 

254 

336 

331 

- Average Operations Cost per Flight 

0.99 

0.82 

0.76 

0.79 

Shuttle Costs 

2,384 

2,667 

3,528 

3,4 76 

Transportation Cost 

2,949 

3,282 

4,237 

4,384 



























Additional studies (para 3.0) indicate that the engine should not 
be phased in Final Option 3 and that the IOC date for ETR should be 
delayed until December 1980 to reduce early peak-year funding. A 
build-up in launch rate and crew size should be provided at ETR and 
WTR, rather than drive the program directly to 100% capture. Addi- 
tional cost savings items are presented in paragraph 3.6. The re- 
sulting revised costs are presented in Table 1.4-8. Because all 
Tugs (interim, cryogenic, or storable) require kick stages, which 
are not veil defined, DDT&E costs for kick stages have been omitted 
from Table 1.4-8 for ease of comparison; production and operational 
costs for the kick stages are included. 

Prograamatics and costs are discussed in paragraph 2.4 for each final 
option definition presented at the Selected Option Data Dump (Ref • 
5.8). Paragraph 2.5 presents backup data for safety, ground opera- 
tions, flight operations, and interfaces. Paragraph 2.6 discusses 
the supporting research and technology (SRT) program that would pre- 
cede the development phase. Paragraph 3.0 summarizes the results 
of additional studies conducted since the Selected Option Data Dump 
(Ref 5.8). 



SYNOPSES OF ANALYSES 


2.0 

2.1 MISSION REQUIREMENTS ANALYSIS 

The mission requirements analysis was Initiated by deriving Tug 
design requirements and operational program requirements from a 
representative NASA/ DO D mission model. The sequence of activity 
included: 

- Delineation of gross functional requirements; 

- Identification and evaluation of candidate staging and flight 
techniques for meeting these gross requirements; 

- Identification of subsystem requirements derivable from mission 
considerations ; 

- Evaluation of the ability of candidate Tug elements to perform 
model missions; 

- Derivation of annual flight schedules associated with selected 
Tug program options capturing the NASA/DOD mission model. 

Gross functional requirements for the Tug system were discussed 
in some detail at the Requirements Assessment Meeting (Ref 5.3), 
and were expanded as the study progressed. The mission model 
that has evolved shows a preponderance of geostationary missions, 
significant numbers of polar and midinclination Earth orbits , 
and a small array' of Earth-escape missions. Table 2.1-1 shows 
the distribution of these missions. Spacecraft retrieval is an 
important aspect of NASA/DOD desires — service missions and sortie 
missions are significant considerations. In the most general 
terms, to accomplish these missions, the Tug must be able to: 

. - Deliver a spacecraft and return to the vicinity of the Shuttle 
Orbiter; 

- Rendezvous with an orbiting spacecraft and return it to the 
% vicinity of the Shuttle Orbiter; 

- Opera teaway from the Shuttle Orbiter for up to six days; 

• • • 

- Achieve spacecraft /energy goals associated with the specified 
. mission model. 

< ■ ■,.* • . ■ . . : ■ ' 

Certain variations in goals have been explored, e.g., delivery- 
only capability with shorter mission duration and reduced spacecraft 
objectives, mission durations as long as 30 days, Tug operation in 
autonomous modes, etc. 


2-1 


Table 2.1-1 Mission Distribution 


Spacecraft 

Final Options 

1 

2 

3 

3A 

, Geostationary 

182 

207 

264 

264 

Midinclination & 





Planetary 

106 

133 

180 

180 

Polar 

72 

97 

114 

114 

Totals 

360 

437 

558 

558 


Identification and evaluation of Tug staging methods and associated 
flight techniques has been an important part of the study. The 
candidates investigated in detail Include: 

- Single-stage reusable Tug; 

- Reusable Tug core stage with expendable drop tanks (referred to a6 
stage and a half); 

- Two-stage reusable Tug; 

- Expendable upper Tug stage (kick stage) used with the preceding 
options. 

Various flight techniques appropriate to these staging methods have 
been evolved during the study and are reported in various states 
of development throughout the study documentation. The most sig- 
nificant conclusions about the top-level Tug configuration selection 
defined by the staging method selected are: 

- The single-stage Tug operating with expendable kick, stages for 
planetary missions and in the delayed retrieval mode for heavy 
geostationary spacecraft offers one of the simplest most de- 
sirable approaches to mission model capture (preferred approach) . 

- The stage-and-a-half Tug operated in the same mission, modes 

- . offers .increased capability — but at a significant increase in 
, s - vehicle complexity and program cost. 

t s . 

- The two-stage Tug requires the use of a more complex flight tech- 
nique (rrapeze mode) to achieve significant improvement in re- 
trieval capability over the single-stage Tug. This retrieval 
capability improvement is not believed to justify the complexity 
of the trapeze mode. 
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The staging/flight technique approach has a dominant effect on 
nost Tug subsystem requirements, resulting subsystem design, and 
the ability of the developed configuration to capture selected mis- 
sions. These results, in turn, establish the programmatic aspects 
of any approach to Tug design, development, and operation. The 
following subsections summarize study results in the mission- 
design /mission-capture areas and indicate where more detailed in- 
formation can be found. 


2.1.1 M ission Design 


2. 1.1.1 Critics! Mission Requirements - This study has dcvslopsd 
preliminary designs and associatad programmatics for achiaving two 
dlscrata levels of Tug capability. The schedule of this achieve- 
ment has been s variable, but is not pertinent to this discussion. 
The basic Tug requirement is to achieve all spacecraft delivery 
and retrieval goals defined by the NASA/DOD mission model, subject 
to constraints imposed by Shuttle design, and particular spacecraft 
service requirements. An interim, goal, selected to minimize Tug 
development cost and risk, has also been defined. This interim 
goal deletes retrieval requirements, long-duration missions, and 
servicing spacecraft with electrical power. These are the key 
requirements that can be reduced to ease thd difficulty of Tug 
development . 

Table 2.1-2 is an overview of Tug top-level requirements. A more 
detailed expansion at system and subsystem levels is available 
in Vol 5.0 of the Selected Option Data Dump (Ref 5.8). The three 
basic sources of Tug requirements are those imposed by mission 
objectives, the spacecraft, and the Shuttle. Of the array pf 
mission objectives, the desired autonomy level and ground-control 
requirement merit special mention. During the study, four levels 
of autonomy were identified. These are described in detail, in 
paragraph 2.5. 3.2 and show a range from complete ground control 
to Tug operation that is completely Independent of any external 
stimulus. Basic designs evolved during the study are consistent 
with 'Autonomy Level 11, in which no ground command or dedicated 
ground systems are required for Tug flight (although they can 
use undedicated ground-based RF radiation). The basic concept of 
ground control evolved from the Tug has been to provide a complete 
capability to back up Tug flight functions from the ground— 
but to use it only for contingencies. Thus, Tug mission success 
can.be enhanced in situations in which ground Intervention is 
acceptable, but the level of autonomy need not be compromised in 
those cases in which it is of consequence. 

Two spacecraft-imposed requirements have proved to be of particular 
consequence to Tug system design. The first is limitation of the 
g level imposed on spacecraft to approximately 3.6 g. This has 
required the use of new kick-stage solid motors based on slow- 
burning propellants to keep axial accelerations down when carrying 
light- to medium-weight spacecraft. The second is the requirement 
for the Tug to provide spacecraft vich 300 W during Tug/spacecraft 
flight. For the Interim Tug, this requirement was waived and 
required mission duration was shortened to make an inexpensive 
battery-powered Tug feasible. 
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Table 2.1-2 Top-Level Tug Design Requirements 




Interim Tug 

Requirement Category 

Basic Requirement 

Variance 

Mission-Derived Requirements 



Operating Regime 

Near Earth [<100,000 
n mi (185,200 km)] 
Thermal, Radiation, 
Meteoroid Environment 


Transportation Mode 

Deliver & Retrieve 

Deliver S/C 


Spacecraft 

& Return 
Empty 

Mission Endurance 

6 Days (28-Day Goal) 

36 hr 

Subsystem Operating Limits 

See Vol 5.0 (Ref 5.8) 


Mission Reliability 

0.97 


Autonomy Level 

Level II Provided 
(Std) 


Ground Control 

Provide Complete 
Backup 


S/C-Derived Requirements 



Power to Spacecraft 

300 W (during Tug 

No Power 

- . 

flight) 

Required 

S/C Data Handling 

16 kbps from S/C, 
2 kbps to S/C 


Acceleration Limitation 

3.6 g max axial 


Placement Accuracy 

Geostat Spec .NASA Data 
Package (Ref 5.12) 

• 

Attitude Constraints 

Not Specified 


Shuttle-Derived Requirements 



Safety 

Fail-Operate/ Fail- 
Safe in Vicinity of 
Shuttle 


Acceleration Loads 

Payload Accormoda tions 


. JPr* " * ■ « 1 ' 

(Ref 5.13) 


- Return Accuracy 

Shuttle Maneuver 
Limits Spec by JSC, 
Req Assess. Mtg 


Abort Propellant Dump 

Full Propellant Dump 
Desired [min to 



32,000-lb (14,515-kg) 
Tug/spacecraft ] 
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Shuttle-imposed requirements have an axtramely significant effect 
on Tug design. Manned aafety considerations Including fall- 
operational/ fail-safe requirement are the driving Influences on 
the level of redundancy required, particularly in the case of the 
attitude-control system (avionics and propulsion) . Orbi ter- imposed 
landing loads are a critical consideration in the structural design. 
Abort propellant dump is a key issue in the Orbiter/Tug fluid in- 
terface, and the central issue in guidance and navigation is the 
ability to return within the specified Orblter retrieval envelope. 
This has been the most severe requirement driving navigation update 
requirements. 

2. 1.1. 2 Vehicle Staging Trades - Three basic Tug staging arrange- 
ments were considered (Table 2.1-3). Each of these is discussed 
in detail in Vol 6.0 of the Selected Option Data Dump (Ref 5.8) 

A single-stage arrangement is the most desirable from the point of 
view of operational simplicity and low development cost. The 
stage-and-a-half candidate (using expendable drop tanks) offers 
improved performance in exchange for only partial reusability and 
a more complex configuration. The two-stage approach offers en- 
hanced retrieval capability when used in the more complex trapeze 
flight mode. The two-stage penalty lies largely in the need to 
buy more stages, and in the more complex logistics and operations 
associated with them. Each of these basic staging approaches can 
be supported, when necessary, with expendable kick stages to ease 
the burden of high energy requirements on the reusable mode. 


TableVi^Z Con figuration/ Technique Candidates 


Mission 

Category 

Stage 

Arrangement 

Low-Energy 
Earth Orbital 
(ind polar) 

High-Energy 

Earth Orbital 

(iccl geostationary) 

Near-Planetary 
Deep Space 

Single Stage 

Basic 1-Stage* 

Basic 1-Stage* 
Kick Stage 
Delayed Retrieval* 

Basic 1-Stage* 
Kick Stage* 
Expendable* 

1%-Stage 

Core Stage Only* 

Basic 1*5 Stage* 
Kick Stage 
Delayed Retrieval* 

Basic 1>5-Stage* 
Kick Stage* 
Expendable* 

2-Stage * ' ‘ ' '* 

One Stage Only* 

% 1* 

Slingshot Staging* 
.Trapeze Staging* 
Kick Stage 

Slingshot Staging 
Trapeze Staging 
Kick Stage* 
Expendable Upper 
Stage* 

♦Selected techniques . 
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The single-stage Tug configuration used in it6 basic rtusabla mods 
can be applied to all the basic types of missions shown in Table 
2.1-3. It has more than adequate performance for many low-energy 
Earth-orbital missions , resulting in a considerable capability for 
multiple missions. A basic geostationary capability up to 6000 lb 
(2722 kg) delivery, 1800 lb (816.5 kg) retrieval was achieved by 
our advanced configurations. This Is adequate to meet all Earth- 
orbital delivery requirements, but requires enhancement for re- 
trieval. Kick stages were found to be of limited value for re- 
trieval enhancement . 


A delayed retrieval mode was found to be a completely satisfactory 
approach. This technique is discussed later in paragraph 2. 1.1. 3. 4. 
Some near-planetary missions can be achieved by the single-stage 
vehicle used alone in the reusable mode. Many of the higher-energy 
planetary missions require the use of a kick stage; some require 
expending the single-stage Tug. All these techniques are reflected 
in the capture analysis. 


The stage-and-a-half arrangement is used for target missions 
in the same manner as the single stage, with two exceptions. The 
most obvious is that the stage-and-a-half Incorporates drop 
tanka, which supply propellants for initial mission phases and are 
then discarded. The other exception is that the core-only vehicle 
without drop tanks can capture a significant portion of the low- 
energy missions. These factors have been incorporated in the 
capture analysis and associated program cost estimates developed 
during Che study." 

The two-stage arrangement offers a wide variety of possible flight 
techniques, and makes its assessment a more elaborate task than the 
preceding cases. For low-energy missions, one stage flown alone 
is attractive because.it offers the possibility of an alternative 
. use for -the remaining Orbiter cargo-bay volume and weight . The 
alternative use aspect has not been quantitatively addressed in 
. this study. Sling-shot and trapeze flight techniques have been 
considered for higher-energy missions (e.g., geostationary). These 
are defined as: 


1) Sling-shot mode - Lower Tug stage delivers upper stage part way 
on Its mission— both stages return Independently to Shuttle 
. Orbiter; 


' ttik.-WK 


2) Trapeze mode - Lower Tug stage delivers upper stage part way on 
its mission— lower stage retrieves and returns upper stage to 
Shuttle Orbiter after upper stage has completed its mission. 
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The sling-shot mode docs doc produce performance equal Co Che 
large single-stage vehicle, due Co Che fixed weights (engine, 
avionics) chat each of che two st&ges muse carry. Ic is preferred 
for missions in which performance is adequace due Co operacional 
simplicity — noce thac all geoscacionary delivery missions fall in 
chls category. The trapese mode enhancement of retrieval capability 
is particularly significant, mora than doubling the geostationary 
retrieval spacecraft weight, as shown on page 84 of the Program 
Concept Evaluation (Ref 5.5). The operational price of this im- 
provement is development of two integrated stage missions end a 
s tags- to-s tags rendezvous before the mission can be completed. 

The planetary picture parallels the other options; kick stages 
and expending the Tug are still required options. The expended 
stage is a smaller stage, but indications are that it is not 
much cheaper than the alternatives. 

Comparison of these techniques was made on the basis of performance 
capability, overall cost to perform defined spacecraft programs, 
development cost, and operational complexity. Net conclusions 
about staging arrangement that these studies evolved are: 

1) The one-stage Tug is the most desirable arrangement; 

2) The two-stage Tug is the least desirable; 

3) Stage-and-a-half advantages are outweighed by the disad- 
vantages ; 

4) Rick stages are a valuable and necessary part of the reusable 
storable Tug picture (but only required for high-energy 
planetary missions). 

2.1.1. 3 Flight Technique - The flight technique analysis had two 
purposes : 

(1) Establish energy requirements for selected configuration/ 
mission combinations; 

(2) Establish functional requirements that the Tug system/sub- 
systems must meet. 

' <'*&’ f * 43T- * * * . -r 

This effort has been reported at all study review sessions; the 
final results are summarized in Vol 6.0, Sect. I of the Selected 
Option Data Pump (Ref 5.8). 
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2. 1.1. 3.1 Standard Geostationary Flight Technique - The geosta- 
tionary mission poses problems that are, in most respects, typical 
of high-energy Earth-orbital missions. The Tug must ascend to a 
phase-specified location in the mission orbit, perform specified 
orbit operations (e.g., spacecraft separation, multiple placement, 
rendezvous), descend, and phase with the waiting Shuttle Orbiter. 
Figure 2.1-1 summarizes the resulting mission profile. Associated 
timelines are given in Vol 6.0, Sect. 1 of the Selected Option Data 
Dump (Ref 5.8). Ascent phasing requirements are established by 
the desired placement longitude — and control the time that the Tug 
remains with the Shuttle before starting the ascent phasing burn 
and the size of the ascent phasing orbit. The variation in mission 
duration due to placement longitude is 12 hours. The mature of' 
on-orbit operation is a strong mission determinant. A rendezvous 
sequence taxes auxiliary propulsion and terminal navigation systems, 
while phasing two spacecraft to different locations can extend 
mission duration to the limit. Shuttle return phasing establishes 
the size of the descent phasing orbit. Note that Shuttle Orbiter 
nodal regression compensation of this mission is obtained simply 
by adjusting the timing of the deorbit burn. There is no energy 
budget associated with this correction — a situation that is not 
true for nonequatorial mission orbits. 



Geostationary 

Orbit 

1< 1/2 Orbit)- 

V £> 

' TW, 


Descent 
Phasing 
Orbit *“ 


(h. 



Ascent 

Phasing 

Orbit 



3309 n mi) 
(6117 km) 


4695 n mi) 
(8695 km) 


F^jtlfBurn Sequence No. 

«**?.*. I ^ i ; -v.t* * « > ' -i 

Orbiter “Ascent 


Orbiter Park 
Tug Flight 


Tug/Orbiter 

Separation 

(approx 5-1/2 park orbits) 


Pig. 2.1-1 Geostationary Mission Profile 
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2. 1.1. 3, 2 Guidance and Navigation Accuracy Considerations - The 
critical guidance and navigation requirement for the Tug is to 
achieve the Shuttle Orblter retrieval envelope at the end of its 
mission. Overall dimensions of this envelope were established at 
±15 n mi (27.8 km) altitude, ±0.15° (2.6 x 10" 3 rad) inclination, 
and ±60 n mi (111.1 km) downrange (3c). This requirement is more 
stringent than the geostationary-mission delivery-accuracy speci- 
fication and demands the ability to update the Tug's basic in- 
ertial measurement unit. Updates based on ground track and on 
several on-board sensors were considered during the study. Figure 
2.1-2 illustrates the performance oi three on-board sensor systems 
on a geostationary ascent transfer. The horizon scanner (HS) 
approach, yields the poorest performance, but offers the potential 
of Autonomy Level 1. The one-way Doppler (OWD) and Interferometer 
landmark tracker (ILT) systems show nearly equal performance. 

The OWD, which is consistent with Autonomy Level II, was selected 
for Tug. This system yields Shuttle return accuracy well within 
the retrieval envelope identified, as shown in Table 10-5, Vol 6.0, 
Sect. I of the Selected Option Data Dump (Ref 5.8). 



Noise) 
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2.1.1. 3.3 Trapeze Staging - One of the major reasons for not pur- 
suing the two-stage configuration throughout the study was the 
operational complexity of flight techniques that make it a 
superior performer. The two-stage configuration offers a wide 
variety of interesting flight techniques, but perhaps the most 
critical to Tug is the use of trapeze staging to enhance geo- 
stationary retrieval capability. This technique is illustrated 
in Fig. 2.1-3. The lover Tug stage carries the upper stage part 
way on its mission, waits in an intermediate orbit while the upper 
stage retrieves a spacecraft and returns to the intermediate 
orbit, and then returns the upper stage/spacecraft to the Shuttle 
Orbiter. An additional nodal correction maneuver is required, 
which becomes larger as nission duration increases. As long as 
mission duration can be kept to a minimum (12 hours in geosta- 
tionary orbit), this technique offers the highest geostationary 
retrieval capability of any Shuttle mission .technique investi- 
gated. This advantage is overcome by several disadvantages, 
including: (1) the extra Tug/Tug rendezvous, (2) the need to 
design two intertwined Tug missions, and (3) the basic expense 
of maintaining a Tug fleet with more stages in it. Even though 
they are smaller, they are nearly as expensive as the large single 
stage. Based on these considerations, the two-stage Tug was not 
carried throughout the study. 


Trapeze (Ladder) Staging 
1 Tug to Ortoiter Rendezvous 
1'Tug to Tug' Rendezvous 


2nd-Stage 
Circularization 
& Descent 
Burn 



Fig. 2.1-3 Trapeze Staging Technique 
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2.1. 1.3.4 Delayed Retrieval - The basic geostationary delivery 
capability of the one-6tege Tug is considerably higher than the 
identified requirement, while its retrieval capability is con- 
siderably less. As an example. Fig. 2.1-4 shows the capability 
of the delivery-only and delivery/retrieval Tugs recommended for 
Final Option 2. Note that the heaviest geostationary spacecraft 
identified in the mission model is 5500 lb (2495 kg). Delayed 
retrieval is a technique to split a delivery mission and a re- 
trieval mission in some other ratio than the 4900 up/1800 down 
tabulated for the delivery/ retrieval Tug. The technique is to 
deliver a spacecraft smaller than 4000 lb <2223 kg) on an initial 
Shuttle mission, and use the remaining energy to partially deorbit 
the spacecraft to b« retrieved. On a subsequent Shuttle mission* 
the delayed retrieval is completed. Thus, two missions are com- 
pleted with two Shuttle -flights. The relationship between the 
delivered and retrieved spacecraft weight achievable is shown in 
Fig. 2.1-4. Tfiis technique allows retrieval of spacecraft that 
are much heavier than any specified in the NASA/DOD mission model 
for this study. 

Delayed Geostationary Retrieval - Delivery/Retrieval Tug 



Configuration . . 

Geostationary Spacecraft, lb (kg) 

Delivery 

Retrieval 

Round Trip 

Delivery -Only 

6,000 

(2,722) 

N/A 

N/A 

Delivery/ Retrieval 

4,900 
(2. 223) 

Bi 



Fig. 2. 1-4 Capabilities of Final Option 2 Tugs 
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2. 1.1. 3.5 Planetary Missions - The lower-energy planetary missions 
can be achieved by a Tog operating in the reusable mode* Since the 
Tug achieves hyperbolic escape velocities, mission design is highly 
time critical if velocity losses are to be kept within reasonable 
bounds. The "perigee propulsion" approach to this mission is 
illustrated in Fig. 2.1-5. Principal optimization parameters are 
the split between first and second inject burns (points 1 and 2 
in Fig. 2.1-5), minimization of the time the Tug stays in its 
hyperbolic escape orbit before a retro burn (3), and a trade be- 
tween a longer return orbit period and the degrading effect of 
Shuttle Orbiter nodal regression as mission time increases. This 
optimization hen been studied in detail by NASA Lewis in support 
of these contractual studies. The capture analysis in this study 
has used a net one-way vehicle loss of 900 fps (274.3 m/sec) for 
low-energy planetary missions. 



Fig.j > Planetary Mission with Perigee Propulsion 


.The .hlgjher-^energy planetary missions require kick stages and/or 
«xpeiulal)^ Associated mission designs are somewhat 

generally have lover velocity losses. See Vol 6.0 
tof 'xhe Selected "Option Data Dump (Ref 5.8). 

2.1. 1.3.6 Mission Capture Performance - Mission capture data 
evolved during the study were based on general performance curves 
and mission velocity budgets developed with certain basic assump- 
tions. These assumptions and resulting data are in Vol 4.0 of 


the Selected Option Data Dump (Ref 5.8). A brief overview is 


presented here. 



General performance curves reflect a simplified analytical model 
of Tug flight. Tug performance is represented by the ideal rocket 
equation, and the mission velocity budget for Tug return modes 
assumes that inbound and outbound velocity requirements are equal. 
Mission velocity requirements are increased by 1.7% to account for 
Tug performance dispersions. Arbitrary weight/engine performance 
descriptions are used to account for ACPS propellant use (assumed 
to be an expendable inert, increasing propellant flow but not in- 
creasing thrust). No thrust or trajectory shaping losses are 
included in the curves.* 

Specific mission performance requirements compared to these general 
performance curves reflect an effective mission velocity. This 
was derived by establishing the spacecraft capability of a particular 
configuration worked in detail against the mission velocity budget. 
The velocity budget reflects thrust losses, nodal corrections, 
midcourse and rendezvous propellant requirements, etc, of a 
realistic mission plan. Effective mission velocity is defined 
as the velocity at which the general performance curves indicate 
the same spacecraft capability as that derived from the detailed 
evaluation. Once established for a specific configuration, this 
effective mission velocity was used for all configurations. • A 
summary of effective mission velocities is shown in Vol 4.0, 

Table 1.1-1 of the Selected. Option Data Dump (Ref 5.8). 

2.1.2 Mission Capture Analysis 

2. 1.2.1 Mission-Model/Program-Option Ground Rules - The basic pur- 
pose of the capture analyses was to evaluate various Tug design 
approaches against standardized mission models to obtain a common 
evaluation of their merit. As shown in Fig. 1-1, capture analysis 
wa6 initiated early and continued throughout the entire study, 
contributing to both subsystem and system selections. 

• .. i 

The mission capture analysis was used to establish the number and 
schedule of flights required to perform all missions in a particu- 
lar model. These data were then fed into the programmatics analy- 
sis to- establish Tug fleet size, support requirements, and total 
associated program cost. This array of data provides information 
required to make fair comparisons among, and eventually a selec- 
various configuration/program options. 

t •***>•* 

.* ;'f. •/ :• 


*The ^only exception to this rule is for the Interim Tug recom- 
mended for Final Option 1, where a degraded engine thrust is 
accounted for by an equivalent specific impulse degradation. 

. \ V J 

. * • ■ 


. ti oxr ^Irom, 
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DDT&E costs for the final selected options as presented in the 
Selected Option Data Dump (Ref 5.8) are presented in Table 1.4-3. 

The cost of the first Tug, which carries an operational payload, is 
included. Kick-stage (Space Tug auxiliary stage) costs are also 
included. 

Additional Analysis (para 3.6) shows that the DDT&E costs can be re- 
duced considerably by revising certain ground rules and assumptions . 

1.4.4 Minimum Production and Operations Costs through Reusability 

The reusability of the final option definitions provides for minimum 
production and operations costs. Por example, Pinal Option 3 re- 
quires only 16 Tugs and 9 kick stages to accomplish 352 flights. 

This includes four reliability losses (one loss per hundred flights) 
and eight Tugs , which are expended on high-energy planetary missions. 

Table 1.4-4 presents fleet size and operational data for each final 
option. The number of flights differs from that shown in Table 1.4-1 
because the number of flights has been limited in the first two years 
of operations and reliability losses have been added. (See Guide- 
lines, (para 1.2.) The stage-and-a-half configuration (Pinal Option 
3A) suffers from lack of reusability due to the large number of drop 
tanks expended. 

Tables 1.4-3 and 1.4-6 present production and operating costs, re- 
spectively, for the final option definitions presented in the Se- 
lected Option Data Lump (Ref 5.8). Additional analysis (para 3.6) 
shows that' production and operating costs can be reduced considerably 
by revising certain ground rules and assumptions used. 

1.4.5 Programm e* cs « nd Transportation Costs 

Table 1.4-7 summarizes total transportation costs for each final 
option definition as presented in the Selected Option Data Dump (Ref 
5.8). The phased-development program (Final Option 3) returns the 
most benefits (in terms of the number of missions achieved) for the 
cost expenditure. The stage-and-a-half (Final Option 3A) requires 
fever flights for mission model capture, but the Shuttle cost sav- 
ings are more than offset by the higher Tug costs. 

.IOC, sensitivity studies indicate that stretching out the develop- 
ment time can reduce annual peak funding requirements, although this 
increases total DDT&E costs slightly. Peak funding should be a key 
4 factor in choosing the optimum program for the Tug. 

Sensitivity studies also show that use of the DOD programmatic ap- 
proach reduces risk, but delays production, producing an uneven dis- 
tribution in annual funding requirements . It is therefore recom- 
mended that commit- to-production not be contingent on flight test 
evaluation. 
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Table 1.4-3 Development Cost Breakdown 


WBS 

Identification 


Final Option, 

$M 

1 

2 

3 

3A 

0.1 

Project Management 

15.2 

15.9 

17.3 

19.5 

02 

Systems Engineering 

. 22.0 

27.7 

29.1 

31.1 

03 

Tug Vehicle Main Stage 

85.9 

140.8 

181.1 

192.0 

04 

Tug Vehicle Auxiliary Stage 

26.1 

18.1 

26.1 

26.1 

05 

Logistics 

2.4 

2.6 

2.9 

3.1 

06 

Facilities 

19.6 ' 

19.6 

19.6 

19.6 

07 

CSE 

23.4 

26.2 

27.6 

29.0 

08 

Vehicle Test 

40.8 

45.4 

. 47.3 

57.4 

11 

Flight Operations - SOD 

0.3 

WEm 

1.0 

1.0 

12 

Flight Operations - NASA 

1.1 

■a 

1.7 

1.7 


Total 

236.8 

297.7 

353.7 

380.5 


Table 1 . 4-4 Production and Operations Data 




Final Option 



1 

2 

3 

3A 

Launch Operations (Tears) 

11 

7 

11 

11 

Crew Size - ETR 

96 

142 

142 

156 

- WTR 

48 

86 

86 

100 

- Central Support 

10 

14 

12 

14 

- Total 

L54 

242 

240 

270 

Number of Flights* - NASA 

* " 

L19 

139 

196 

189 

» * <« 

DQD 

hh 

115 

156 

155 

- Total 

227 

254 

352 

344 

Expendables — Tugs 1 (Main Stage) 

10 

6 

8 

8 

‘Stage 10 

3 

5 

5 

5 

il Kick Stage 1.5 

4 

- 

- 

- 

- Kick Stage 10/1,5 

4 

- 

4 

4 

- Drop Tanks 

- 

- 

- 

292 

Fleet Size - Tugs (Main Stage) 

15 

13 

16 

16 

’’'Includes reliability losses & 
limited flights in first two years 

3 

3 

4 

4 
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A generally similar approach was followed in each of the remaining 
mission categories — midinclination, polar, and planetary. For 
mid inclination and polar missions, performance data show reduced 
Shuttle capability. For the planetary missions, kick stages are 
used, as are expendable modes. A general summary of Final Option 2 
data is shown in Fig. 2.1-9. An example of the net -result of 
these analyses is shown in Table 2.1-4. This illustrates that 
437 spacecraft deliveries/retrlievals are accomplished with 293 flight 
A complete array of mission capture, flight schedules, and addi- 
tional capture potential for this study is presented in Vol 4.0 
of the Selected Option Data Dump (Ref 5.8). 


100,000 
< 45,359) 


10,000 
< <536) 


Spacecraft 
Weight, 
lb (kg) 


1,000 

(453.6) 



6000-lb 0722-kg) 
/ Geostationary 
Delivery 


Tug 6 
Stage (KS lQ/LSr 

Geostationary 
Retrieval 1800 lb 
<816.5 kg) 



90- 
(1.57 rad) 

55 ; -l |~28.5°(a497 rad) 


Tug 6 Kick 
Stage (KS 10) 


(<96 rad) 


2 4 6 8 TO 12 14 16 18 20 22 24 26 28 

_ (0. 61) <L 22) <L ©> (2. 44)0. 05)0. 66X4 27*4 88X5. 49>«L 10M6, 711(7.32X7. 92) (8. 531 

Velocity above Shuttle Park Orbit IHSO-rt-mi (296.3-km) Circle I. 1000 fps <1000 m/s) 


Fig. 211-2 'Final Option 2 Mission Model end Tug 
, .. • r; < Performance 

,V/* * *ii '1 *’•* i 

" ' ...21 1.2.3 Mission Capture Summary Results 

. .. .4 .MV., • ». • • 

a. Final Option 1 - This option was devised to evaluate the possi- 
- bility- of saving development and total program costs by lowering 
~~^‘ , ^6si»n!'.goa Is — and the expense of the Tug required. An Interim 
Tug configuration was defined with a low-development-cost engine, 
battery power, and no retrieval capability. Principal effects of 
these .selections were reduced spacecraft performance capability, 3800 
‘ lb .(I724-kg) geostationary delivery, and reduced flight endurance 
(36 hr). The vehicle can perform all missions identified for this 
option. Note that the 36-hr endurance is the reason DOD missions 
36, 37, and 38 were excluded from the model. The flight schedule 
associated with the option is shown in Fig. 2.1-10. 
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Table 2.1-4 Final Option 2 Flight Sumary (100% Capture ) 


Flight Modes & Tug 
Configurations 


Shuttle Flights 


Tug Flights 


Delivery Flights, Direct 
Development-Delivery 


Tug (Single Spacecraft 
Flights) 


Tug (Multiple Spacecraft 
Flights) 


Tug + Kick Stage 10 


Tug + Kick Stage 10/1.5 


Tug (Expended) 


Retrieval Flights 


Direct-Developed 

Tug-Retrieval 


Delayed Retrieval Flights 


Direct-Developed 

Tug-Retrieval 


Delivery & Deorbit for 
Delayed Retrieval 


Direct-Developed 

Tug-Retrieval 


Dedicated Deorbit for 
Delayed Retrieval 


Direct-Developed 

Tug-Retrieval 


Calendar Year 


80 I 81 I 82 I 83 


84 85 86 87 88 89 90 Total 


45 43 41 41 36 42 45 293 




Roundtrip Flights 

□ 





■■1 

Direct-Developed 

Tug-Retrieval 

HI! 

10 

9 

14 

10 14 

Unequal Roundtrip Flights 

■ 

■ 

■■i 

■ 


■ 

■■I 


Direct-Developed 

Tug-Retrieval 










Mission 

Model 


Spacecraft Delivered 


Spacecraft Retrieved 


Total 



37 

37 

32 

41 

34 

43 

34 

258 

2? 

28 

28 

23 

25 

20 

~26~ 

179 

64 

65 

60 

64 

59 

63 

62 

437 







































































































































Additional missions, not included in the Final Option 1 mission 
model due to performance or flight endurance constraints, were 
evaluated to determine additional capture potential. To capture 
the heavier low-cost -design planetary spacecraft, dual Shuttle 
flights with Tugs ganged on orbit are required. DOD missions 36, 
37, and 38 can be accommodated by adding batteries to achieve the 
required mission duration, while retaining adequate spacecraft per- 
formance. DOD mission 29, a geostationary sortie mission, is 
beyond the ability of this configuration. 

A more detailed breakdown and explanation of mission capture data 
for this and other options are included in Vol 4.0 of the Selected 
Option Data Dump (Ref 5.8). 

b. Final Option 2 - This’ option involved the case in which ulti- 
mate Tug capability is developed directly for a delayed IOC date. 
The ultimate single-stage Tug defined was the Direct-Developed 
Tug-Retrieval. This vehicle incorporates a new high-performance 
engine, solar panels, and subsystems required for retrieval. The 
Direct-Developed-Tug-Delivery configuration deletes the retrieval 
capability; otherwise, the two configurations are identical. These 
Tugs (plus kick stages) ean perform all missions identified in the 
Final Option 2 mission model. The resulting flight schedule is 
shown in "Fig. 2.1-10. 

The additional capture potential evaluated in this case included 
geostationary spacecraft heavier than the 3500-lb (1588-kg) model 
goal, low-cost-design planetary spacecraft, and the DOD geosta- 
tionary sortie mission. The heavy geostationary spacecraft can 
be accommodated by the delayed retrieval mode. Most of the low- 
cost planetary spacecraft can be accommodated in the reusable 
mode or by expending a Tug. Mission 22 requires ganging on orbit 
and a Tug expenditure. The DOD geostationary sortie mission 
cannot be accommodated. 

c. Final Option 3 — This option dealt with a phase-developed 
single-stage Tug. During the early Shuttle years, a vehicle with 
a (Phased Tug-Initial) relatively low-cost engine and no retrieval 
capability was used. This vehicle was then evolved to retrieval 
capability' with a new engine (Phased Tug-Final-Delivery and 
Phased Tug-Final-Retrieval) . These Tugs (plus kick stages) can 
perform. all missions identified in the Final Option 3 mission 
model.;', The rresultlng flight schedule is shown in Fig. 2.1-10. 

- •• . ,H. *•*%'*" ' , ■ 

The additional capture potential for this option is essentially 
identical to that described for Final Option 2 because it deals 
with the same vehicles and the same candidate spacecraft. 
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d. Final Option 3A - This option is a phase-developed s tage-and-a- 
half Tug parallel to the Final Option 3 configuration. The 
flight schedules are shown In Fig. 2.1-10. Note that Final Option 
3A requires eight fewer flights than Final Option 3. This shows 
the advantage of higher performance and shorter length of the 
stage-and-a-half configurations. 

An analysis of additional capture potential was not required for 
Final Option 3A. 
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2.2 Subsystem Requirements and Evaluation 


This section describes the Tug subsystem analytical and concep- 
tual hardware design effort performed during this study. The ef- 
fort (Task 2) started concurrently with the Mission Requirements 
Analysis (Task 1) at the beginning of the study and continued 
throughout Configuration Analysis (Task 3) and Program Definition 
(Task 5) , as the specific Tug configurations were reiterated and 
further defined. The effects of Programmatlcs and Cost Analysis 
(Task 4) was Integrated Into the subsystem analysis where required. 

Because the use of existing subsystems • and components was to be 
emphasized in this study, collecting and analyzing technical and 
cost data on all potential subsystems and/or components was the 
initial effort. A parallel effort was analysis of Tug subsystem/ 
component functional requirements. 

Comparison of the data collected against the functional require- 
ments was justification for rejection of many subsystems/compo- 
nents for one or more of the following reasons: obsolescence ac- 

cording to 1979 standards, excessive weight and volume, excessive 
electrical power required, no longer in production’ — tooling not 
available, failure to meet safety or reliability requirements, 
high cost, etc. 

-Various trades and parametric analyses were conducted within each 
subsystem to eliminate unsatisfactory candidates. The one or 
more candidate subsystems judged satisfactory for consideration 
in the overall Task 3 Tug configuration synthesis process were 
identified as selected subsystem candidates. 

A summary discussion of the total subsystem activities by subsys- 
tem is presented in the following paragraphs, including, in each 
case, a description of the subsystem(s) used in Final Options 1, 

2, 3, and 3A. Also Included are discussions of the Tug payload 
docking and separation modules and kick-stage configurations. 


2 . 2 . 1 Structures Subsystem 

■■ -r "<'**;/’ V ‘ , 

.2 .2. 2.1 Requirements - The structural requirements are basically 
derived from other subsystem requirements; thus, the structure 
•must provide for: 

1) Propellant load packaging; 

2) Integration and mounting of avionics components; 

3) Docking mechanism (for some options) ; 

4) Integration and mounting of pressurization system; 
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5) Integration and mounting of thermal control system; 

6) Suitable location and orientation of ACPS motors; 

7) Meteoroid protection; 

8) Interface provisions for mating with both the Orblter and a 
Tug payload. 

In additliMj the structure must sustain all design load conditions 
without excessive or detrimental deflections and not fall under 
ultimate loads. It must meet the above criteria in an efficient 
manner, minimizing structural weight. 

2. 2. 1.2 Candidates Considered - There were four basic vehicle 
concepts derived from various approaches considered to capture 
the mission model. These consisted of: 

1) A single-stage vehicle (designators IA through JH) sized to 
carry 57,000 lb (25,855 kg) of propellant and limited to no 
more than 35 ft (10.7 m) in length; 

2) A single-stage vehicle (designators IIA through IIC) sized 
to carry 57,000 lb (25,855 kg) of propellant, but limited in 
length to 17.5 ft (5.3 m) so that, by off-loading propellant, 
two-stage operation could be achieved; 

3) A two-stage combination of vehicles (designators II IA through 
IIIH) each sized for 28,500 lb (12,927 kg) of propellant and 
with their total length limited to no more than 35 ft (10.7 m) ; 

4) A stage-anid-a-half vehicle (designators IVA through IVE) with 
the drop tanks sized to carry either 50Z of 80Z of the total 
57,000 lb (25,855 kg) of propellant. The tanks were designed 
for an oxidizer/fuel mixture ratio of 2:1 by weight. 

For these vehicle concepts, various candidates were evaluated for 
the main propellant tanks, nontank or skirt structure, and engine 
thrust structure. For the tankage evaluation, dome shapes, struc- 
tural arrangement, and .materials were all considered. Dome shapes 
evaluated were heuiepherical and /2~ elliptical, while the arrange- 
ments consisted of Isolated tandem tanks, isolated side by side, 
common done, tandem, and common wall. . Materials considered were 
221P-""37 aluminum and T1-6A*— 4V titanium alloy. For these trades, 
the tanks were sized using the proposed operating and relief pres- 
sures along with the f act ors-of -safety approach from MSFC-HDBK- 
505 (Ref 5.18). This approach resulted in the following pressures. 
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t 


Pressure 

Fuel 

E£i 

Tank 

N/cm 2 

Oxidizer Tank 
pal N/cm 2 

Operating 

16 

11 

30 

20.7 

Relief 

30 

20.7 

60 

41.4 

Yield (1.1 x relief) 

33 

22.8 

66 

45.6 

Ultimate (1.4 x relief) 

42 

29 

84 

58 


For the nontank, or skirt structure’, both closed shell and open 
truss were considered. These consisted of aluminum honeycomb 
(graphite epoxy face sheets over aluminum core) , aluminum skin- 
stringer , aluminum lntegral-rlb-stlffened, and graphite-epoxy 
composite tubular-truss construction. The studies were conducted 
using an ultimate running axial load of 637 Ib/in. (1116 N/cm). 

The candidates chosen for engine thrust structure consisted of 
both open truss and closed cone. The open-truss structures eval- 
uated were made, of titanium, aluminum, and graphite epoxy. The 
closed-cone configurations consisted of titanium skin-stringer 
construction and a composite graphite-epoxy honeycomb. The en- 
gine thrust structure was sized using 15,000 lb (66,723 N' of 
thrust and a dynamic factor of 2.0 applied to the thrust load. 

.2. 2. 1.3 Selection Methods - The first step in the screening proc- 
ess was to list requirements that a candidate must meet, such as 
schedule, physical compatibility with spacecraft and Orblter, re- 
usability, refurbishment capability, and the minimum required per- 
formance. These screening criteria were applied to each Tug can- 
didate structural arrangement, and those meeting all the "must" 
requirements were then subjected to a more detailed comparative 
screening. This screening process compared on a relative basis 
such things as fabrication costs, reliability, complexity, safety, 
producibility, and ease of handling. 

2. 2. 1.4 Selected Subsystem Candidates - During this Task 2 effort, 
25 different structural arrangements were put through the coarse 
screening with four single-stage, two two-stage and one stage- 
and-a-half configuration being rated high enough for considera- 
tion in -the Task 3 vehicle synthesis analyses. A summary of these 
selected candidates is shown in Table 2.2-1, along with rejected 

* ' ' -concepts **■■■ 

■a Vi: 

2.2.1.5 Pinal Option Definition - As a result of the configura- 
tion synthesis, a single-stage vehicle (1A2 type) was the pre- 
ferred configuration for each of the seven capability options. 

This single-stage structural concept was carried over to Task 5, 
with NASA concurrence, for Final Options 1, 2, and 3. 
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Table 2.2-1 Basic Structural Concepts Summary 


Designator 

Description 

IA thru IH 

Single stage, 57.QOO lb (25,855 kg) propellant, mixture 
ratio 2:1 

Selected Candidates 
IA1 
1A2 
IA3 
ID 

Isolated tanks. Titan III Stage II tank arrangement 
Isolated tanks, fuel tank forward, elliptical domes 
Isolated tanks, equal-volume tanks (MR 1.65:1) 
Common-dome tanks, hemispherical domes 

Rejected Concepts 

Isolated tanks, spherical domes 
Common-wall cylinder Inside sphere 
Common-wall cone inside sphere 
Four Isolated tanks 

Spherical cap Inside a spherical tank 
Common elliptical domes 

IIA thru IIC 

1 

Single-stage, max length 17.5 ft (5.3 m) , 57,000 lb 
(25,855 kg) propellant 

Selected Candidates 
(none) 


Rejected Concepts 

Separate tanks, spherical segment domes, common dome, 
oxidizer elliptical, fuel conical 

II 1A thru 11 IH 

Two-stage, 28,500 lb (12,927 kg) propellant per stage 

Selected Candidate's 

me 

Common-dome .tanks, elliptical domes 

Rejected Concepts 

■ - 

1 ... 

I * ■ . 

i 

Isolated tanks, elliptical domes 
Isolated tanks, spherical domes 
Common-dome tanks, spherical domes 
Spherical cap inside a sphere 
Common-wall cone inside sphere 
Common-wall cylinder inside sphere 
Four isolated tanks 

IVA thru IVE 

Stage-and-a-half , various propellant splits & tank 
arrangements 

Selected Candidates 

( .~IV E.v' 

: * V • } • 

20/80 propellant split , core plus 2 drop tanks , common 
elliptical domes ‘ 

Rejected Concepts 

• 

20/80 propellant split, /2 common domes on core, spheri- 
cal domes on 4 drop tanks 

50/50 propellant split, *2 common domes on core, spheri- 
cal domes on 4 drop tanks 

50/50 propellant split, 4 isolated trnks on core, 4 sep- 
arate drop tanks, spherical dome 

50/50 propellant split, /2 common domes on core, 1 drop 
tank with /2~ common dome 
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a. Final Option# 1, 2, and Z - Single-stage structural arrange- 
ment and details are basically the same for all three final op- 
tions. Final Option 1 is sized for 57,000 lb (25,855 kg) total 
propellant for delivery-only missions, and, to optimize retrieval 
capability. Final Options 2 and 3 are sized for 60,000 lb (27,216 
kg) total propellant. Figure 2.2-1 and Table 2.2-2 show this ar- 
rangement. All vehicles have isolated tandem titanium tanks, with 
/2 elliptical domes and are 10 ft (3.05 m) in diameter. Forward 
skirts are of aluminum skin-stringer construction, providing for 
easy equipment mounting and the preferred material for the thermal 
problem associated with mounting electronics components in that 
location. The be tween- tanks and aft skirts for all three final 
options are composite honeycomb with graphite-epoxy face sheets 
and aluminum cores. 


« — Separation (para 2.2.9) 
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h. Final Option SA - In addition, at NASA direction, a stage- 
and-a-half vehicle (Fig. 2.2-2 and Table 2.2-2) was selected for 
further 6tudy to satisfy Final Option 3A. The core vehicle is 
6 ft (1.83 m) in diameter with isolated tandem titanium tanks 
with Jl elliptical domes. The forward, be tween- tanks, and aft 
skirts are all of aluminum skin-stringer- frame construction, while 
the thrust structure is a truss. The drop tanks, two fuel and 
two oxidizer, 4 ft (1.22 m) in diameter with hemispherical domes, 
are made of aluminum. Trusses and fittings that tie the drop 
tanks to the core and the Tug to the Cradle are made of aluminum 
and designed so the trusses remain with the core at separation, 
thus simplifying the Tug/cradle interface. 

Additional detailed structural data may be found in Vol 5.0, Sec I 
of the Selected Option Data Dump (Ref 5.8). 
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Core 
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Fig~. 2. 2r-2 Stage- and- a- Half Configuration for Final Option 3A 
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2.2.2 Thermal -Control Subsystem 


2. 2. 2.1 Requirement s - The thermal-control subsystem requirement 
Is to maintain the Tug subsystems within allowable temperature 
limits for ground, launch, orbit, postorbit, and landing condi- 
tions. The orbital time requirement varied from 36 hr to 7 days — 
up to 30 days as a goal. Although it is desirable that the Tug 
thermal-control subsystem not require a selective Tug orienta- 
tion, certain spacecraft may require it to perform thermal maneu- 
vers. Because the Tug avionics subsystem must be capable of ac- 
cepting change? in mission assignment or spacecraft ephemeris 
before launch, and because certain Tug subsystems /components will 
be operating before launch and continuously thereafter, the ther- 
mal control subsystem design must provide the necessary opera- 
tional flexibility for these conditions. 

2. 2. 2. 2 Candidates Considered - Design and development of the 
Tug thermal-control subsystem is a highly iterative process that 
depends on the Tug configuration, subsystems selected, types of 
missions to be flown, and requirements for or limitations on ther- 
mal maneuvers. 

Thermal-control methods considered for the many Tug configura- 
tions included: 

1) Passive control through the use of multilayer insulation (MLI) ; 

2) Passive control through the use of optical solar reflectors 
COSE); 

3) Passive control through the use of paint patterns and special 
surface finishes; 

A) Active control through the use of fluid loops, heat pipes, 
and radiators ; 

5) Various combinations of these. 

Active control would use the waste heat from the fuel cell when 
it was used as a power source. 

2.2. 2. 3 Selection Methods — Thermal-control subsystems were not 
selected as separate subsystems independent of other Tug subsys- 
tems; rather, selection of the Tug configuration and other sub- 
systems dictated the thermal-control system selection. 
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2. 2. 2. 4 Selected Subsystem Candidates - Both active and passive 
thermal-control subsystems were retained for consideration in 
Task 3 because one selected pressurization subsystem candidate 
required the use of cryogenics. 

2. 2. 2. 5 Final Option Definition - On the basis of reduced cost, 
complexity, and weight, passive thermal control was selected fov 
use on all final options. 

a. Pinal Options l t 2, and 3 - Definition of the thermal-control 
subsystems for the final-option single-stage vehicles required 
thermal analysis and modeling aa briefly described In the follow- 
ing paragraphs . 

A steady-state thermal model was prepared to evaluate the feasi- 
bility of passive thermal control of the avionics compartment. 

An 18-node model was used to simulate the peripheral temperature 
gradient In the walls, and one node represented the average ef- 
fect of the avionics on wall temperatures. Results showed that 
a maximum wall temperature of 70 *F (21°C) was necessary to keep 
the higher -powered components within allowable temperature limits. 

A 67-node thermal model was prepared for one of the earlier single- 
stage configurations, using the Martin Marietta Interactive Ther- 
mal Analysis System (MITAS) program. Cases were run to evaluate 
the use of MLI on the propellant-tank side walls. It was deter- 
mined that MLI on the side walls was unnecessary for most mis- 
sions. In keeping with the propulsion subsystem design, external 
radiation properties were selected to provide a maximum steady- 
state propellant- temperature of 70°F (21°C) for the maximum ex- 
ternal beat-flux case. This was determined to be a 500-n-ml 
(926-km) circular orbit over the terminator, with the vehicle 
narta perpendicular to the Earth-Sun line. 

An improved 270-node thermal model of single-stage. Tug configura- 
tions is about 60% complete. The Martin Marietta Thermal Radiation 
Analysis System (TRA.SYS) program is used to compute radiation in- 
terchange properties and orbital fluxes, and the MITAS program is 
the thermal analyzer. The model is detailed down to the individual 
avionics component level. When completed, the model is expected 
to provide an early thermal analyzer capability for the Phase B 
study... 
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The passive thermal-control subsystem selected for use on the 
final option single-stage Tugs is described below. 

Multilayer Insulation (MLI) is used over the fore and aft ends of 
the Tug to create thermally compatible compartments for avionics 
equipment and consumables. The outside of the avionics compart- 
ment is covered with optical solar reflector (OSR) material to 
minimize absorption of solar energy. Sidewalls are painted to 
maintain a maximum propellant temperature of 70°F (21°C) with the 
Tug longitudinal axis perpendicular to* the Earth-Sun line in a 
500-n-mi (926-km) orbit. MLI and electrical heaters are used on 
temperature-sensitive components in the consumables compartment. 
High-power components, like the IMU and transmitter, require high 
heat-rejection provisions. This is accomplished by repackaging 
these components on a baseplate that then becomes part of the 
forward skirt skin, thus allowing for heat dissipation through 
radiation. Battery temperature control is provided through the 
use of heat pipes, connecting batteries to the forward dome of 
the fuel tank. 


ACPS engines will cause plume heating of adjacent structures. The 
magnitude of the structural temperature rise is very sensitive to 
the engine duty cycle, and Information to be available during the 
Phase B study will be needed to estimate this cycle. Items in 
die consumables compartment (aft skirt) are protected from engine 
plume heating by the base heat shield. Due to the high tempera- 
tures experienced in this region. Rap ton is used for the MLI 
material! 


b. Final Option 3A - The stage-and-a-half thermal-control sub- 
system presents a more difficult thermal design problem. No com- 
puter analysis was performed; however, a passive design is feas- 
ible, possibly at the expense of additional attitude constraints. 

. Ad d i t i onal propellant feedline insulation and heaters are neces- 
sary due to die more complex p limbing arrangement. All external 
helium tanks and die hydrazine tank will require MLI and heaters. 
A Tug toasting maneuver may be required to provide thermal con- 
trol for this configuration, and may require Integration with any 
variable spacecraft orientation required. 


Further analytical and hardware descriptive details may be found 
in VqQL u 5.0,|Se^. ;I of .the Selected Option Data Dump (Ref 5.8). 
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2.2.3 Guidance, Navigation, and Control Subsystem 

2. 2. 3.1 R equirements - In general, GN&C subayetem requirements 
are ro provide a high level of autonomous Tug flight capability 
to orbital conditions, consistent with dell very /retrieval mission 
requirements and the flight duration specified (from 36 hr to 

7 days) . This includes providing continuous information on the 
state vectors of position and velocity of the Tug, determining 
the direction of each of the principle axes of the Tug in iner- 
tial space, and forcing the state variables and attitude to those 
values required at the target points for a given mission. 

Specific requirements for accuracy of spacecraft deployment, de- 
ployment, stability, attitude control during spacecraft rendezvous 
•and docking, Tug/Orbiter separation and retrieval modes, and on- 
orbit relative to specific target orbital conditions are in the 

" rta Fackape, (Ref 5.7). 

Level of autonomy was not specified. However, Autonomy Level II 
was selected as a baseline for the final options and is described 
in para 2.5.3. 

2. 2. 3. 2 Candidates Considered - In general, there were two gen- 
erations of subsystems considered for all Tug configurations. 

The first employed components of existing design (generally heavy 
components) with 1979 availability; the second considered compo- 
nents of ultrallgbtwelght design that are in a brassboard devel- 
opment status, but deemed available by 1983. 

Candidate components evaluated were star sensors, inertial meas- 
urement units (gimbaled and strap-down), horizon sensors, video 
cameras, rendezvous and docking radars, actuators, and ACPS rocket, 
modules. , Detailed tables of these candidates, along with techni- 
cal- data, v are in the First Review Presentation (Ref 5.4) and 
Vol 5.0 of the Selected Option Data Dump (Ref 5.8). 

2. 2. 3.3' Selection Methods - The approach used for GN&C subsystem 
selection is best described at the component level. Primary con- 
sideration was given to reliability, cost, and weight, but was not 
limited to these elements. Primary emphasis was placed on select- 
ing .,tbe .following units. 

■■I,",* ' ^ jFy&i* •»'.* » - - • f 

a. TMUs - Both the 1979 and 1983 systems were selected on the 
basis of safety and reliability. By employing these criteria, 
redundancy was a necessity, driving the IMU selection to skewed 
redundant strap-down units. The lightest unit available in 1979 
and configured from existing modules, is the Hamilton Standard 
RSIMS at 64 lb (29.03 kg). For 1983 availability, the ultra- 
lightweight Autonetics MICRON IMUs, at 10 lb (4.54 kg) each, were 
selected. These are in flight test in the brassboard stage. 
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b. Star Tracker - Star tracker selection criteria were long mean 
time between failures and a reasonably low weight. This led to 
the selection of the Ball Brothers CT 401 unit, which is fully 
developed, low in cost, and has relatively good accuracy. 

c. EoHzcm Sensor - The horizon sensor was chosen on the criterion 
of position update device, rather than the usual attitude update 
device. From a position update viewpoint, there is only one sys- 
teo that meets the requirements — the Quantlc ETD 321B, Model IV. 

The horizon sensor is ( Itemate equipment required only for 
Autonomy Level I DOD flights. 

d. Rendezvous end Docking - Power, weight, and short-range resolu- 
tion were the factors used in selecting the scanning laser radar 
(SLR) over more conventional RF ranging systems. The SLR is built 
by ITT and weighs about 60 lb (27.22 kg). 

For the video system, the existing Apollo 15/16 TV camera system, 
at 13 lb (5.90 kg), was selected. Although a TV camera may not 
be required when docking to an attitude-stationary spacecraft, 
it will be required as an adjunct when docking to a rotating 
coning target spacecraft. 

Rendezvous and docking la required only in Options 2, 3, and 3A. 

2. 2. 3. 4 Selected Subsystem Candidates - The GN&C candidates se- 
lected from Task 2 can be added to the total Avionics subsystem 
as kits to take advantage of the type of mission to be performed 
by the Tug with regard to weight, and operational complexity; i.e., 
on a delivery-only mission, the avionics installation would not 
include the rendezvous and docking radar or video units . 

The following were selected as candidates for Tug configuration 
. synthesis in Task 3: 

Component 
Star Tracker 

RSIHS 

T * ' , »■* 

; , *• * i * • 

' ; 'j; ; ■' • 

« -»► t 

Horizon Sensor 

Integrated Hydraulic 
Actuators 


Remarks 

Ball Brothers CT401, fully developed, high 
reliability for all mission durations. 

Hamilton Standard redundant strapdown 
inertial measurement system — not devel- 
oped. All components are operational 
in Delta inertial guidance system (DIGS)-. 

Quantlc ETD-321B, Model IV, meets Autonomy 
Level I. 

Tandem lightweight self-contained units. 
Avoids boil-off problems. No accumula- 
tors, lines, pumps, or reservoir required. 
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Component 


Remarks 


Valve Drive Amplifiers 


ACPS Nozzles 


Scanning Laser Radar 


RF Rendezvous Radar 


Video Camera 


Electronics required to drive Integrated 
hydraulic actuators, auxiliary control 
propulsion system, and propellant valves. 

Provides reaction pulses required for 
Tug attitude control during the coast 
phase of flight and roll control for the 
powered phase. Specific characteristics 
are in para 2.2.8. 

ITT — Available in 1983 » lightweight , low 
power . 

AN/APQ 148 or Apollo/LM — available In 
1979. 

RCA — available, Apollo 15/16 system. 
Proved in flight type test (FTT) . 


2. 2. 3. 5 Final Option Definition 

a. Final Option 1 *» The Final Option 1 GN&C subsystem is basically 
current state-of-the-art design; somewhat heavier, but less costly 
than the system selected In succeeding options. 


Final Option 1 employe the AV-9(4) avionics Subsystem shown sche- 
matically In Fig. 2.2-3. The GN&C portion of the subsystem con- 
sists of a skewed redundant strapped-down Inertial measurement 
unit, star tracker, horizon sensor (for Autonomy Level 2 only) , 
portions of the data management subsystem, integrated hydraulic 
actuators, and attitude-control valves and nozzles. 


Navigation logic, guidance equations, powered- flight autopilot, 
and phase-plane autopilot algorithms are programmed in the 
flight computer part of the data management subsystem. 

b. Final Option 2 - This GN&C subsystem is lightweight and de- 
pends on continued development of some hardware now in the proto- 
type or "brassboard phase; specifically, the MICRON strap-down I MU 
made by Autonetics and the scanning laser radar made by ITT. 

The Final 'Option 2 delivery-only avionics subsystem (AV-3) is 
shown 1 In ’Fig. 2.2-4 . The delivery and retrieval subsystem (AV-2) 
Is shown In Fig. '2.2-5. The two subsystems are basically the 
same: When a retrieval mission Is desired, the scanning laser 

radar, video camera and associated pan and tilt, and docking con- 
trols are mated to the bus through standard interface connectors. 
No rewiring of the Tug is necessary; equipment is merely plugged 
in and removed as required for various missions. Appropriate ad- 
dressing and logic are incorporated into the data management sub- 
system. 
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DISCRETES 




























The vehicle control hardware and software are the same as those 
-for ."Final Option 1 and will not be further discussed. 


e. Final Option 3 - This GN&C subsystem is a combination of those 
v- ' used for Final Options 1 and 2: 


:>'/ 1) . Final Option 3 1979 delivery-only Tug uses the Final Option 1 

. _ . subsystem; 

; \ Option 3 1983 delivery-only and delivery/ retrieve 

- -» 7 ' -use ' 'Final Option 2 subsystems." 

di -Final Option 3A - This GN&C subsystem is the same as that for 
Final Option 3 except for certain minor software differences 
associated with the drop-tank staging sequence. 


For a detailed functional description of the final selected GN&C 
subsystem, see Vol 5.0 of the Selected Option Data Dump (Ref 5.8). 
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2.2.4 Daf Management Subsystem - This ssction discusses Che 
study effort relative to the Tug data management subsystem (DMS) , 
which provides the on-board digital logic-service functions of 
on-board checkout* redundancy control, data transfer, command 
decoding/distribution, data sampling/cond ' , Inning /accumulating/ 
storage, caution and warning, timing, int^rbv /vehicle data trans- 
fer, co ding /decoding, and computer services. 

Major DMS considerations throughout all study phases were: 

* 

1) The need to limit Intersubsystem permutations to minimize 
potential program costs; 

2) The need for a very adaptive DMS capable of rapid reprogramming 
and checkout. 

3) The need for a relatively large memory. 

2. 2. 4.1 acquirements - The primary ground rules, requirements, 
and assumptions used for the DMS analysis were: 

1) Provide sufficient on-board computation and memory storage to 
accommodate the worst-case DOD autonomous spacecraft retrieval 
missions ; 

2) Accomodate status data to, and command override control from, 
Orbiter— to-Tug parameters and functions that affect crew 
safety. Including a caution and warning function; 

3) Allow cost-effective checkout of Tug functions compatible with 
NASA launch processing system (LPS) and DOD satellite control 
facility (SCF) interfaces; 

4) Provide for ground or Orbiter-to-Tug real-time command at 
2 kbps; 

5) Provide 16-kbps telemetry to either space tracking and data 
network (STDN) or SCF ground stations; 

6) Accomodate government-furnished encrypterr/decrypter box for 
DOD- isie8ions5'3^' " 

. rt .vv i'Va-'H. ‘ - • 

7) Provide "for spacecraf t-to-Orbiter or spacecraft-to-ground 
data-transfer capability. 


2. 2. 4. 2 Candidates Considered - The *hree DMS alternative de- 
sign concepts considered were central hub, intermediate bus, and 
flexible signal interface. The central hub type is subdivided 
into many subgroups, each with its own set of black boxes, inter- 
facing circuits, and connector pins. Interfaces are based on a 
separate wire or set of wires for each discrete function served. 
Time-division multiplexing is used only for interfacing with the 
communications subsystem. This type is used on most launch vehicles. 

The intermediate bus type is like the B-l bomber "E-MUX" system. 
Time-division multiplexing is used to save overall length and 
weight of wire between the central processor(s) and remote multi- 
plexing units. Interfaces to other subsystems, boxes, devices, 
and transducers are still on a "wire-per-function" basis from the 
remote multiplexers. 

The flexible signal interface (FSI) type uses the same coding, 
timing, and circuitry as the Intermediate bus DMS, except for one 
important item — the remote multiplexers are eliminated. The bus 
itself is run to every black box in the system, each of which 
has its own unique address. This process eliminates the "wire 
per function" of the Intermediate bus DMS . The flexible signal 
interface approach permits standardization of all Interfaces, re- 
sulting in a simplification of integration and testing. 

2.2.4. 3 Selection Methods - Methods used for subsystem selection 
were based on evaluation of candidates against absolute and rela- 
tive criteria, wiih special emphasis on the effect on overall Tug 
and Shuttle program costs. 

Absolute criteria are factors like GN&C computation capability, 
caution and warning, variable transmission and command capability, 
fast Tug/spacecraft turnaround and changeout time. 

Examples of the relative criteria are the black-box cost of weight 
and power, redundancy adaptability, interface complexity, on- 
board checkout capability, GSE required, operational flexibility, 
and total costs. 

2.2.4.4 Selected Subsystem Candidates - A list of airborne com- 
..puters is „ provided in the "Matrix of Candidate Computers" in 

t ’Requirements Assessment Presentation (Ref 5.3). The computers listed 
' ‘ are* all applicable to the central hub approach. However, with the 
exception of the Autonetics and CDC machines, they do not reflect 
. state-of-the-art computer technology. 
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Further consideration of the three DMS subsysten candidates re- 
sulted in the conclusion that no existing candidate flight com- 
puter system was efficient; therefore, none were selected. In- 
stead, a nev? system was proposed from off-the-shelf commercial 
integrated-circuit technology. 

2. 2. 4. 5 Final Option Definition - The flexible signal interface 
system was selected in final competition with the intermediate 
bus system; the central hub system was eliminated because of ex- 
cessive cost and doubtful ability to meet the basic requirements. 

• 

The flexible signal interface DMS system was selected for all po- 
tential Tug configurations because of the following considerations: 

1) Lover cost, weight, and power requirements; 

2) Greater functional capability; 

3) Simpler Tug/Orbiter, Tug/spacecraft and Tug/GSE interfaces; 

4) Potential for large savings in overall Tug program costs; 

5) Potential large savings in Orbiter crew size, interface hard- 
ware, Interface software, and training required; 

6) High adaptibility to progressive growth in Tug subsystem 
capability; 

7) Permits 'some black-box checkout software to be used in flight 
and for be tween- flight maintenance checks as originally devel- 
oped for breadboard and qualification tests. 

Figure 2.2-6 illustrates the selected FSI DMS system. Signifi- 
cant characteristics are: 

1) A central unit containing four 1-megabit solid-state random- 
access memories, four general-purpose central processors 
and two control, data, timing, and checkout (CDTC) proc- 
essors; 

' ' - 'iiV . 

2) Two duplicate sets (for redundancy) of control and data cabling- 
eachiset is a twisted shielded pair of 22-gage copper wire 
(eighth conductors total) ; 

3) A required number of branch circuit sets, each set made up of 
three hybrid circuits and one standard resistor pack; 

4) Eight branch boxes; 

5) One government- furnished encrypter/decrypter module. 
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Fig. 2. 2-6 Data Management Flexible Signal Interface Approach 






Complete detail* of the functional capabilities and applications 
of this subsystem ma> be found in Vol 5.0, Sec. I, para 2. 3. 3. 2. a. 3 
through 2. 3. 3. 2. a. 5 of the Selected Option Data Dicrp (Ref 5.8). 


2.2.5 Communications Subsystem - This study effort was oriented 
toward a Tug subsystem that would satisfy RF interface require- 
ments associated with the Orblter, Tug payloads „ the NASA Space 
Tracking and Data Network (STDN) , the Air Force Satellite Control 
Facility (SCF) network, and the potential relay satellite. Con- 
ceptual designs of the candidate subsystems were developed in 
conjunction with the data management subsystem because of the 
close interrelationship of the principle subsystem requirements. 

2. 2. 5.1 Requirements ~ Figure 2.2-7 illustrates the program RF 
and hardware Interfaces that the Tug must serve. The following 
mission or mission-derived requirements were the driving factors 
in the initial subsystem conceptual designs: 

1) Maintain compatibility with both STDN and SCF networks. A 
design goal established for this requirement %*as to use com- 
mon hardware for both NASA and DOD missions to preclude 
changeout of equipment when a changeout of Tug or of Tug and 
spacecraft is required (10 -hr turnaround) ; 

2) Provide continuous monitoring and control communications be- 
tween Tug and the NASA Mission Control Center. It was as- 
sumed that back-up capability was also required by the Satel- 
lite Test Center (STC) on DOD missions; 

3) Provide for two-way RF links between the Orb iter and Tug for 
deployment, rendezvous, and docking operations, with emphasis 
on the caution and warning requirements; 

4) Maintain, compatibility with Tug payload communications sub- 
systems to enhance Tug recovery of spacecraft whose, communi- 
cation system is still operable, but with its capability lim- 
ited to short intervals while passing over a compatible ground 
system. 

It was further assumed that the spacecraft would be able to trans- 
mit a few channels of sampled kick-stage data to verify proper 
operation without implementing an additional communications sub- 
system similar in cost and weight to that used on Tug. This in- 
terface would be used for kick-stage operations, following deploy- 
ment separation from the Tug. 

■ ' • **’ * v ' -VV4 -T i ■ ■ ‘ ■' 
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2. 2.5. 2 Candidates Considered - There vere two primary subsystem 
candidates considered. 

1) The first concept was a compatible mix of separate hardware 
subsystems, which included: 

(a) 2250-MHZ downlink transmitter for frequency compatibility 
between Tug and Orbiter, STDN, or SCF; 

(b) 1800-MHZ command receivers compatible with Orbiter or 
SCF; 

(c) 2075-MHZ command receivers for STDN; 

' (d) 136-to-148-MHZ transmitter and receiver sets for Orbiter 

• interface on NASA missions; 

(e) 13.700-MHZ ^K^-band) transmitter for communication with 

a proposed NASA GSFC communications satellite for alti- 
tudes up to 2700 n mi (5000 km) — the limit of satellite 
antenna coverage; 


f - 

r 




), ' 




(f) Omnidirectional and VHF antennas; 

(g) High-gain gimbaled K^-band parabolic antenna; 

(h) 15,000-MHZ command receiver for Interface with the Track- 
ing and Data Relay Satellite (TDRS) under 2700 n mi 
(5000 km) ; 

(i) Equipment (TBD) for accommodating continuous Tug/ control 
center communication while above 2700 n mi (5000 km) . 

9 

2) The second concept considered was a dual-redundant S-band sub- 
system including the following components : 

(a) 2250-MHZ low-wattage transmitters; 

(b) S-band amplifiers fot, I vg-to-re lay-satellite link; 

(c) Dual-channel command receivers (both SCF- and STDN- 
compatible) ; 

(d) High-gain pointable antennas for the Tug/relay satellite 
• link; 

(e) Omnidirectional antenna for normal "close-in" Orbiter/ 
Tug and some ground communications (particularly emer- 
gency command function) ; 

(f) 1 Implied ^compatible service from a relay satellite (to 
' be negotiated) ; 

(g) Implied compatibility with standard Orbiter hardware (to 
be determined) . 

2.2;5.3 Selection Methods - The method used for subsystem selec- 
tion was to establish valid selection criteria, tradeoff the can- 
didates against the criteria, and evaluate the results of this 
analysis before making the selection. Like the data management 
subsystem, the communication subsystem selected is applicable to 
all candidate Tug configurations. 

, ( The selection criteria applied include the following: 

• • • . 

- ' . I) Demonstrated functional capability; 

• ’ ' * \ ■ * * H • * 

2) Low development cost and minimum technological risk; 

3) Minimum weight; 

4) High transmitter bulk to RF power-conversion efficiency; 
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5) Receiver sensitivity; 

6) High operational life and high reliability; 

7) Simple high-gain antenna with minimum effect on structural 
design; 

8) Operational flexibility. 

2. 2. 5. 4 Selected Subsystem Candidate’s - Both the "mix" and the 
all S-Band subsystem design concepts were retained for Tug con- 
figuration synthesis in Task 3. 

2. 2. 5. 5 Final Option Definition - The all-S-band subsystem was 
selected over the "mix" subsystem because of the following con- 
siderations: 

1) Lower nonrecurring and recurring costs; 

2) Lower weight; 

3 ) Least effect on Tug structure design; 

4) Capable of meeting all operational requirements; 

5) Permits total program cosanunications subsystem cost reduction 
by .logical planning to preclude the high cost and weight pen- 
alties that result from multiple- frequency-band designs (Tug, 
Tug payloads, Orbiter, relay satellite). 

Figure 2.2-8 shows the all-S-band communication subsystem. Hy- 
brid branch-circuit data-management interface piece parts would 
be incorporated into the coupling and switching network as well 
as into each high-gain antenna ginbal-drive electronics module . 
The transmitters and power amplifiers are off-the-shelf items. 

The high-gain antennas are flat planar arrays that provide for 
simpler fabrication, . less structural design effects on Tug, and 
lower weight than a parabolic reflector. The multifeed wrap- 
around omnidirectional antenna reduces the effects of appendages 
on antenna .gain patterns and provides better roll-axis patterns 
(fever deep nulls) than dipoles. The low-power 2-W transmitter, 
plus separate switchable 10 -V amplifiers, permit selectivity of 
operating modes, reducing RF power requirements. Figure 2.2-9 
further illustrates the many different modes with which the Tug 
can interface with the Orbiter. 
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TUG/ORBITER MODE 

TUG CONFIG 

RANGE | 

n mi 

km 


31 

58 

10 W 4 OMNI 

♦ 16 kbps 

69 

127 

2 W 4 HI GAIN 
♦ 16 kbps 

990 

1,830 

10 W 4 OMNI 
♦ 16 kbps 

2220 

4,100 

2 w + own 
♦ 2 kbsp 

88 

162 

io w 4 own 

4 2 kbps 

200 

370 

10 U 4 HI GAIN 
4 2 kbps 

6270 

11,600 


i'iff. 2,2-9 Tug/Orbiter S-Band-Link Mode Capability 

, A more detailed discussion of operational inodes and communication 
link analyses is in Vol 5.0, Sec. 1, para 2.3.3.2.C of the Se- 
lected Option Data tiwnp (Ref 5.8). 

A candidate for further study would be the incorporation of con- 
volutional coder and Viterbi decoder circuits to either enhance 
link- performance or reduce RF power and/or antenna aperature size. 

2.2.6 Electrical Power Subsystem « 

The following paragraphs describe the effort to reach the logical 
choice of a Tug electrical power subsystem for the final selected 
Tug options. The Initial phase of the study was primarily con- 
cerned with comparison of all potential candidates to absolute 
and relative criteria, while the final phase consisted of a more 
detailed analysis and final selection of a subsystem that satis- 
fied the particular missions defined in the final Tug options . 

2.2.6. 1 Requirements - Basic requirements for the electrical 
power subsystem are summarized in Table 2.2-3. The primary fac- 
tors influencing the- choice of the power source are the mission 
duration and electrical load. Mission durations analyzed in the 
study are 36 hr and 7 days. From the electrical load profiles 
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determined by analysis during the study, average power and total 
energy requirements for several mission types can be summarized 
as follows: 


Mission 

Ave rage 
Power, W 

Energy, 

kWh 

Total Energy 
in Orbiter, kWh 

36 hour 
Delivery Only 

480 

17.3 

16.1 

7 Day Delivery 

671 

96.7 

16.1 

Delivery & Retrieval 

711 

102.4 

12.0 


Table 2.2-3 Power Subsystem Requirements Summary 


Mission Criteria : 

Duration - 1 to 30 days outside Orbiter, 1-day max in Orbiter 
Mission Type - Delivery Only, Delivery & Retrieval 
Technology Level - IOC of 1979 

Duration in Earth's Shadow - 2.3 hr max, 45 min operational worst case 
Electrical Load : (see text) 

Environment : Compatible with Shuttle 6 Tug environments 

Interface : 

Tug/Orbiter - Accept up to 50 kWh at nominal 28 Vdc, with following con- 
coustraints: 

1000 W avg & 1500 W peak during peak Orbiter operation period 
3000 W avg & 6000 W peak during on-orbit coa6t periods 

Tug/spacecraft - Power supplied to spacecraft, none for 36-hr mission, 

" r * 300 W otherwise 

Tug/GSE - As required for maintenance & checkout 
Operation : 

High degree of autonomous on-board power subsystem & load management 
Capability to detect & isolate malfunctions & to switch to redundant 
functions 

Capability for Orbiter /ground monitoring & control 
R euse and Refurbishment : 

Minimi ze ground checkout, maintenance, & refurbishment/replacement 
Minimize .in-space checkout 

Minimize maintenance, checkout. & operational costs 
20 Tug reuses nominal, 100 reuses as a design goal 

Reliability and Safety : 

0.97 success probability (for total Tug vehicle-mission) 

Prevent discharge of harmful contaminants 


It was also determined that the total energy required depends on 
the "coast" operational mode (85-95%) and increases as the total 
mission time increases. 
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2. 2. 6. 2 Candidates Considered - The electrical power subsystem 
consists of the power source, power conditioning equipment, and 
power distribution and control. The need for power conditioning 
devices is determined by the type of power source and the input 
voltage requirements of the individual piece of equipment. Be- 
cause the equipment voltage requirement was 2® ±4 V in all cases 
and all power source alternatives, except for :he solar-array 
system, can satisfy this voltage range by the~r inherent output 
characteristics, the power conditioning equipment trade-off was 
not a major effort. 

Table 2.2-4 lists the power sources considered through Task 2. 


Table 2.2-4 Power Source Candidates 


Candidates 

Types 

Storage Battery 

Ag-Zn, Ag-Cd, Ni-Cd , lithium, metal gas, 
sodium sulfur, molten salt electrolyte 

Fuel Cell 

Reactant: H? -0?, hydrazine, hydro- 

carbon 


Reactant Storage: cryogenic, gaseous 

Solar Array /Battery 

Solar Array: body-mounted & Sun-oriented 

panel 


Battery: Ag-Zn, Ag-Cd, Ni-Cd. Lithium 

Auxiliary Power Unit 

H 2 - O 2 , Hydrazine - O 2 

Radioisotope 

Fuel: Pu 238 , Cu 2a 


Converter: thermoelectric. Bravton. 

Rankine 

Nuclear Reactor 

Fuel: zirconium hydride 


. Conver ter : thermoelec trie , Br ay ton . 

Rankine 


The power sources in the table collectively represent the level 
of technology available or predicted through 1990. 


Power distribution techniques considered differ only in the num- 
ber of redundant positive feeders and the use of wire or the ve- 
hicle structure for current return. 
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2. 2. 6. 3 Selection Methods - The basic selection method used in 
Task 2 wee to first screen out the undesirable candidates and 
then conduct a detailed comparison of the remaining alternatives. 
The primary factors applied In the Initial screening procedure 
were availability, cost, weight, and technical risk. Secondary 
factors included performance, life, and reliability. 

Some optimization was performed on a specific type of component 
or technique based on weight and performance considerations. For 
example, the fuel-cell candidates were either a Shuttle-developed 
type weighing about 125 lb (56.7 kg) ox one that Is lighter [e<50 
lb (22.7 kg)] but with a higher DDT&E coat. 

2. 2. 6. 4 Selected Subsystem Candidates - Power source candidates 
remaining at the end of Task 2 were the H 2 -O 2 fuel cell, solar 
array/Ag-Zn bactery, and the Ag-Zn battery. Rejection logic for 
the other candidates is shown in Table 2.2-5. 


Table 2.2-5 Rejected Pouter Sources 


Sources 

Reasons 

Nuclear Systems 

- Extremely high cost & weight 

- Fuel availability problems 

- Requires large volume 

- Radiation hazards, ground/abort safety 
problems 

- Large vehicle integration problems 

- Incompatible with manned Shuttle 

Auxiliary Power Units, N 2 Hi, * 
or B 2 O 2 

- Used only for high power, short duration 

- High reactant consumption rates 

(5 to 6 lb (2.3 to 2.7 kg) /kWh for N 2 H 4 ] 

- High weight 

- Requires extensive development 

Ni-Cd & Ag-Cd Batteries 

- Not weight competitive with Ag-Zn system 

Na-S, Molten Salt Electrolyte & 
Organic Electrolyte Lithium Bat- 
teries; N 2 Hi, & Hydrocarbon Fuel 
Cells * 

- Very low development state 

- High technical risk 

- High development cost 

— - . •- ... 1 


, Fined selection of Tug power sources during Task 3 was directed 
toward 36-hr and "7-day missions . 
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Based on cost for the 36-hr mission, which requires no power to 
the spacecraft, the all-battery system was the clear choice. The 
power source for the 7-day mission (300 W to spacecraft) was a 
choice between solar-array /battery and fuel-cell/battery systems. 

A trade study based on weight, cost, performance, operational com- 
plexity, refurbishment, test, checkout, and safety was performed. 
The results shown in Table 2.2-6 reveal the main differences to 
be in weight, cost, operational mode, test, and checkout. For 
weight consideration versus mission duration, Fig. 2.2-10 indicates 
that the fuel-cell system weight increases with a given mission 
duration due to additional reactants and tankage required, while 
also showing that the solar-array system weight is relatively in- 
sensitive to mission duration. The need to orient and extend/ 
retract panels makes the solar-array system more complex opera- 
tionally. 

After careful evaluation, it was concluded that the solar-array 
system offered the least weight and the least overall program 
life-cycle cost, while providing the most flexible modularized 
subsystem. 

Of the several types of solar-array system candidates considered, 
the final choice was the General Electric array, based on best 
specific weight density, simpler structural mounting interface, 
lighter weight, and preferred Sun-orientation mechanism. 

2. 2. 6. 5 Final Option Definition - Figure 2.2-11 shows the Final 
Option 1 battery power subsystem block diagram using four 165-Ah 
Ag-Zn batteries and one 2 5- Ah Ag-Zn battery for the 36-hr mission 
with no load to the spacecraft. 

Figure 2.2-12 is a simplified block diagram of the Final Option 
2, 3, and 3A solar-array /battery electrical subsystem, showing 
the solar array, batteries, chargers, load regulators, and power 
distributors. Auxiliary subsystems not shown are solar-array 
orientation and instrumentation. Power sources consist of two 
roll-up solar arrays of flexible Kap.-xi substrate, one* 165-Ah 
Ag-Zn and • one 25-Ah Ag-Zn battery. The power distribution design 
using a two-wire-posltive, wire-return system provides bus redun- 
dancy, detection and isolation of faults in power feeders, EMI 
protection, and load-control capability, and all critical control 

- functions with command override capability by the Oxbiter or 
v;.' .ground control. -The data management subsystem implements all 
i ■ ;'* monitoring and control functions, as well as on-board checkout 

T of the power subsystem. 

* * 

A more detailed analysis and functional description of the final 
selected electrical power subsystems may be found in Vol 5.0,' 

Sect. I of the Selected. Option Data Durp (Ref 5.8). A discussion 
of Tug/Orbiter electrical interfaces is in para 2.5.4 of this 
volume . 
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TabU 2.2-6 Comparison of Solar- Array (SA) and Fusl-Csll (FC) System 


Factors 

Solar Array /Battery System 

Fuel Call System 

Weight 

- Wt vs Mission Tins 

Insensitive to mission duration; 
wt lighter than fuel cell 

Increases with mission duration; wt 
significantly higher with increasing 
mission duration 

- AWt/fi 100-U Load 

«*o 

fe 40.144 lb (0.065 kg) for 6-day mission 
fe40.72 lb (0.33 kg) for 30-day mission 

Performance 
- Bus Pwr Output 
Capability 

Continuous Peak 
Om SA Sy*! 0.7 kw 2.9 kW 

Two SA Syo: X.7 kW 4.4 kw 

Continuous Peak 
On, FC Sy»: 0.7 W XS00 W 

Two FC Sy«: 0.7 W 3000 W 

- Input Pwr Required 

«fe60 W (pwT diet control & array 
orientation) 

sslOO W (FC and cryo heaters) 

- Environmental 
Degradation 

8Z per yr in sync orbit 

Negligible 

- Contamination 

SA outgasslng negligible 

h 2 o, h 2 & 0 2 

- Operational Life 
(estimate only) 

5 to 10 yr with minor replace- 
ment (solar-cell modules, slip 
ring, actuators) 

- Up to 6 mo or fuel cell stack (com- 
plete replacement required) 

- Dp to 1 year on cryo tanks 

- Plumbing up to 1 year 

Cost 
- DDT&E 

$1.3 million 

$3.34 million 

- let Article 

$0.5 million (1 set) 

$0.41 million (1 set) 

- Avg Cost /Vehicle 

$0,823 million* 

$0.60 million* 

- GSE 

Minimal 

Very high 

Operational Cooplexlty 
- Orientation Requirement 

2 -axis, computer controlled 

None 

- Constraints 

SA must be rwtructed during main 
engine' burns , operation In or 
near Orbiter, A docking 6 un- 
docking with spacecraft 

Gas 6 water dumping must be controlled 

- Orb iter 6 GSE Interface 

Electrical only 

•f * * ■ 

Electrical & fluid (for LB 2 • b0 2 , & 
pressure reliaf) ; special GSE for L0 2 
6 tH 2 required 

Refurbishment 

Replacement of SA assy simple 6 

eaey 

Replacement of FC stack, cyro tanks, & 
plumbing difficult 

Maintenance 

_»'»•- '*■ » • • i 

None required 

FC & cryo systems requires pressuriza- 
tion during storage, extensive leak 
checks, 6 special GSE 

Test 6 Checkout 

Minimal, no delay or extension 
of integrated eyetam tests 

Dedicated maintenance 6 checkout time 
required at launch site 

Safety . *».■#* ** * A 

No major .problems 

Special handling for pressure vessels, 

t 0 2 6 m 2 


• I *2 Solar-array msseoblles 6 2 regulators; 2 fuel-cell powerplants & 2 sets of cryogenic tanks. 







Mission Duration, days 


Fig. 2.2-10 Total Launch Weight V8 Required 
Mission Duration 



LOADS 


Loads 

LOADS 

GUIDANCE & NAVIGATION SUBSYSTEM 
CONTROL SUBSYSTEM 
DATA MANAGEMENT SUBSYSTEM 
COMMUNICATION SUBSYSTEM 
ELECTRICAL POWER SUBSYSTEM 


PROPULSION SUBSYSTEM 
THERMAL CONTROL SUBSYSTEM 
GUIDANCE & NAVIGATION SUBSYSTEM 
COMMUNICATION SUBSYSTEM 


Fig. 2.2-11 Simplified Block Diagram of Pc >v Subsystem for Final Option 1 
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2.2.7 Ma in Propulsion Subsystem 


The main propulsion system requirements, candidates considered 
and selected, and rationale are summarised in the following para- 
graphs. A more detailed evaluation covering each final option is 
in Vol 5.0 of the Selected Option Data Dump (Ref 5.8) . 

2. 2. 7.1 Requirements -- There are a number of ground rules, as- 
sumptions, and requirements affecting design and selection of the 
propulsion subsystem. In general, the. ground rules were taken 
from the Data Package Space Tug System Studies (Ref 5.12), and 
the propulsion requirements were derived from the mission require- 
ments. 

Assumptions were made where ground rules or other study informa- 
tion was not available. If the effects of the assumptions were 
significant in subsystem or major component selection, this was 
identified to the customer for resolution and agreement, or pre- 
sented In the form of a trade study. Low cost, simplicity, high 
reliability, and ease of maintenance tempered with good engineer- 
ing judgement were used in the design and selection of each sub- 
system. Some of the more significant requirements are: 

1) The propulsion system shall be designed to be fail safe; 

2) Relief capability to automatically limit maximum pressure 
shall be provided for pressurized propellant tanks; 

3) Reuseabllity life of 20 missions with a design goal of 100 
missions ; 

4) Propellant Isolation valves shall be provided upstream of 
engine start valves; 

5) Provisions shall be made to permit emergency offloading of 
Tug propellants while the Tug is stowed in the Orblter cargo 
bay on the launch pad; 

6) The main propulsion subsystem shall meet the derived mission 
requirements of Table 2.2-7; 

7) , The. main engine thrust level shall be such that the space- 
V craft g level shall not exceed 3.6. 
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Table 2.2-7 Space Tug Requirements Derived from Mission Requirements 




Item 

Mission Duration (max) 

Number of Main Propulsive Bums 
(max) 

Launch- to-Deployment Time (min /max) 

Launch- to-First-Bum Time (min /max) 

Time Between Main Burns (min /max) 

Near-Earth Coast Time Outside 
Orbiter Bay (min /max) 

Operational Altitude (min/max) 

Number Midcourse /Vernier Burns 
(won’t exceed) 

AV for Midcourse /Vernier Bums 
(min/max) 

1) Shutdown Impulse Dispersion 

2) Minimum Impulse Bit 

’* . y 

Continuous Sunlight Time (min/max) 

Continuous Shadow Time (min/max) 
Mission Mode - 
Propellant /Burn (max) 


Interim Tug 

Direct-Developed & 
Evolved Tugs 

3 days 

7 days (30-day goal) 

10 

10 (12 goal) 

0.9-10 hr 
(24 hr spec) 

Same 

1.3 to 30.0 hr 

1.3 to 5.0 days 
(28-day goal) 

0.2 to 18 hr 

0.2 to 72 hr 
(28-day goal) 

0.5 to 5 hr 

015 hr to 7.0 days 
(30-day goal) 

100 to 100,000 n mi 
(185.2 to 185,200 km) 

100 to 100,000 n mi 
(185.2 to 185,200 km) 

10 

20 

Derived from main 
engines : 

1) ±3c - 750 lb-sec 
(3336 N-s) 

2) 8000 lb-sec 
(35,586 N-s) 

Same/^15 fps* 
(^4.57 m/s) 

0.9 to 60 hr 

0.9 hr to 5.0 days 
(28-day goal) 

0.6 to 2.3 hr 

0.6 to 2.3 hr 

Delivery /re turn empty 

Deliver /Re t r ie ve 

33,000 lb (14,969 kg) 

33,000 lb (14,969 kg) 


*Spacecraft contamination on retrieval consideration. 


2. 2. 7. 2 Candidates Considered and Selection Methods 

. 2. 2. 7-2.1 Propellant Selection - Juel candidates considered for 
the Tug were UDMH, N 2 H 4 , A-50* and MMH. Of these, when considered 
with N 2 0 4 oxidizer, UDMH has the lowest performance and N 2 H 4 the 
highest. However, N 2 H t+ is undesirable because of its heat sensi- 
tivity and freezing point. The two favored candidates thus become 
A-50 and MMH. Parameters also considered included vapor pressure, 
viscosity, heat of vaporization, explosive limits in air, flash 
points in an open cup, and cost. 
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The performance of MMH and A-50 with N 2 O 4 is very nearly the same. 
A-50 has a lower cost; however, there are definite technical ad- 
vantages of MMH over A-50 — most are related to engine design and 
operation. MMH has a lower freezing point, superior thermal sta- 
bility, and greater cooling capacity, compared to A-50. These 
parameters and commonality with the Orbiter QMS and RCS led to 
the selection of. MMH during subsystem analysis. 

It is anticipated that propellant temperatures will be maintained 
at 70°F (21°C) or below; however, the System Is designed to ac- 
commodate 80°F (27°C) . The 80°F (27°C) temperature was estab- 
lished based on Titan vehicle historical records at both ETR and 
WTR. 


2. 2. 7. 2. 2 Main Engine Candidates - Main engine candidates consid- 
ered for the tug are listed in Table 2.2-8, along with some pre- 
liminary weighting factors. Engines that showed the best poten- 
tial for Tug application based on a cost versus performance eval- 
uation are noted by asterisks. Prime engine candidates recommended 

were the 0ME 12,000-lb (53,379-N) thrust, 240 P , and the Class I, 

c 

1500°F (816 c C) wall high-P engine. Other contenders were the 

c 

Bell Aerospace 8096B and the OME 7500-lb (33,362-N) thrust, 150 
P for a minimum DDT&E cost option. The maximum capability of 

a storable propellant engine for Tug is shown as the Class II, 

3000 °F (1649°C) wall high-P c engine. 


A significant parameter affecting main-engine thrust level and 
selection is the requirement not to exceed 3.6 g on the space- 
craft. Considering this requirement, as well as optimizing thrust 

level by considering velocity losses, engine I , vehicle effects, 

S P 


and engine weight decrease with thrust level resulted in the op- 
timum selected thrust level of 12,000 lb (53,379 N) . 


At the Program Concept Evaluation (Ref 5.5), comparisons between 
OME deviations and the 8096B engine did not show either engine 
as clearly a better choice, although the OME seemed to have a 
slight advantage. The OME was then selected over the 6096B for 
die detailed stage evaluation in Task 5. 

At'the .28 August 1973 engine-contractors' engine data dump. Bell 
Aerospace recommended a constant thrust level of approximately 
12,000— lb (53,379-N) for the 8096B by modifying the chanber noz- 
zle throat to a smaller size. By maintaining the same engine 
length, the expansion ratio was increased, resulting in an in- 
crease in specific Impulse of approximately 4.5 sec (44.13 H-sec/ 
kg). Based on the revised data, the Bell 8096B now appears to 
be the most performance/cost-effective engine candidate from a 
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subsystem standpoint without consideration o£ total Space Trans- 
portation System programmatics . These data were presented as a 
sensitivity study In the Selected Option Data Dump (Ref 5.8) and 
are summarized in para 2. 4. 3. 6 of this report. 


Table 2.2-6 Candidate Engines (Initial Evaluation) 



Studies after the Selected Option Data Dump again evaluated the 
t ~ V main 'engine candidates for Final Option 3 (Phase -Developed Tug) 
.based *ro total programmatics (performance, mission capture, fleet 
Y *•; size, j Shut tie flights, cost, etc). This resulted in selection of 
the Class 1 engine. . The study evaluated the OME 240 P^, Class I, 

and 8096B-2, both phasing and not phasing the engines. The ratio- 
nale to examine the phasing of engines was to minimize peak fund- 
ing requirements early in the Shuttle program. However, the 
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phasinp, of engines actually increased peak-year funding in approx- 
imately the sixth year (1981V because of the second engine devel- 
opment combining with peak production costs. This was presented 
in Vol 5.0, Sect. II, pages 6-5 through 6-7 of the Selected Op- 
tier. Data Dwrp (Ref 5.8). 

When comparing the Class I engine to the 0!IE 240 P . and 8096B-2, 

c 

the increase in DDT&E cost is more than compensated for by the 
reduction in Tug fleet size (two fewer expendables) and number 
of Shuttle flights due to the improved Class I performance. This 
study is sunmarized in para 3.0, "Additional Analysis," of this 
report. 

2. 2. 7. 2. 3 Pressurization System Candidates - The baseline pressur- 
ization system was a regulated helium ambient storage with titan- 
ium sphere. This system was traded against eight other propel- 
lant tank pressurization techniques. The trade study summarized 

in Table 2.2-9 was a preliminary analysis assuming tank pressure 
level requirements of 17.5 psia (12.07 N/cm 2 ) in the fuel tank 
and 35 psia (24.13 N/cm 2 ) in the oxidizer tank. Results of the 
study eliminated four of the systems during subsystem analysis; 
however, several systems were retained for further evaluation 
based on the potential weight savings, as indicated in Table 2.2-9. 
As the 6tudy progressed, addition of engine-mounted boost pumps 
reduced oxidizer pressure to 28 psia (19.3 N/cm 2 ). The reduced 
pressure lowered pressurization system requirements and elimi- 
nated the weight advantage of the more sophisticated candidates. 
This eliminated^ all but the simplest and most reliable ambient 
stored 'helium system using composite materials for the helium 
sphere. 

The Tug propellant-tank operating pressure levels were established 
by engine inlet requirements, pressure head required to overcome 
feedline friction, propellant vapor pressure, and the pressure 
bands necessary for proper tank pressure control and relief. 

2. 2. 7. 2. 4 Propellant Feed System 

2. 2. 7. 2. 4.1 Propellant Acquisition - The propellant acquisition 
subsystem must provide gas-free liquid to the engine for all short 
mid long firings of the multiburn Tug missions. Propellant acqui- 
sition and retention concepts traded were settling thrusters 
'agaiust propellant retention devices. Propellant retention devices 
fall into three basic categories; i.e., active trap, screen sur- 
face-tension trap, and combined active and screen. Both the active 
/:,rap and the combined active and screen devices have high mainte- 
nance and limited reuse problems. At the first review, both sur- 
face tension devices and settling thrust were still under investi- 
gation. Further study indicated that the surface tension tran 
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Table 2.2-9 Tug Preeouriaaticm System 
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configuration was the moat desirable propellant acquisition design 
for the reusable Tug. It shoved a performance weight advantage 
over propellant settling, unlimited life characteristics with 
little or no maintenance, and it is efficient. Therefore, a re- 
fillable screen surface-tension trap configuration was selected. 

2.2. 7. 2. 4. 2 Propellant Utilization and Gaging - Propellant out- 
age studies were conducted to determine the expected magnitude 
of residual propellants on Tug due to main propulsion system per- 
formance dispersions. All subsystem variables, including compo- 
nent tolerances, were evaluated, and mixture ratio deviations, 
both loaded and burned, with the resulting residuals were calcu- 
lated . 

Based on these analyses, propellant outages that result without 
a utilization system are 0.43% of the total usable propellants or 
243 lh (110.2 kg) maximum. 

With a utilization system consisting of point level sensors and 
integrator, it is estimated that the residual propellants can be 
as low as 0.30% of the total usable propellants. In addition, the 
propellant utilization system can compensate for propulsion-sys- 
tem component performance deviations and, allowing relaxation of 
component tolerances, thus improve reliability and reduce cost. 

For these reasons, a propellant utilization system was recommended 
at the First Review. 

2. 2. 7. 3 "Selected "Subsystem Candidates - The previous discussion 
outlined candidate subsystems and selection methods. Subsystems 
reconuended for further evaluation at the First Review are sum- 
marized in Table 2.2-10. Further evaluation led to the final 
options as discussed below. 

. Table 2.2-10 Selected Subsystem Candidates 


Main Engine 

Candidates shown in Table 2.2-8 
Pressurization 

Regulated helium ambient storage (baseline) 

‘ Regulated helium aafeient storage - composite sphere 
Regulated helium supercritical storage 
Regulated helium cascade 
Dedicated gas-generator cascade 
Dedicated gas-generator/aebieat helium 

Propellant Feed 

Propellants - N 2 O 4 /MMH 
Propellant Acquisition — 

Surface-tension device 
Settling thrust 

Propellant utilization system recommended 
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2. 2. 7.4 Final Option Definition - Because the emphasis in Final 
Option 1 vaa to minimize DDT&E cost, the engine selected was the 
OME, uprated to 150-psla (103.4-N/cm 2 ) chamber pressure by addi- 
tion of engine-mounted boost pumps. Although the other engine 
options offer Improved performance, the OME 150-P^ engine was the 

minimum-cost (DDT&E) engine option that still, met the required 
performance of 3500-lb (1588-kg) delivery to geostationary orbit. 

Due to the retrieval requlramant of 3500 lb (1588 kg) the engine 
selected for Final Option 2 was the' Class I angina. A sensitiv- 
ity study was conducted on the m* of the Class II engine for 
this option and is discussed in para 2. 4. 2. 6, "Sensitivity Studies." 

For Final Option 3, the Selected Option Data Dump (Ref 5.8) re- 
flects the phasing of anginas from the OME 240-P to the Class I. 

c 

Subsequent analysis concluded that using the Class I engine in 
both the Phased Tug-Initial and Phased Tug-Final, not only reduced 
DBT&E cost and peak year funding but also Tug fleet size when com- 
pared to the OME 240-P c or 8096B-2. This analysis is summarized - 

in para 3.0. "Addition Analysis." 

The basic propulsion schematic for single-stage vehicles is shown 
in Fig. 2.2-13. The pressurization subsystem of the main engine 
support is a regulated helium system consisting of a single pres- 
surant sphere, hand-operated helium loading valve, capped helium 
disconnect, four solenoid valves, four regulators, two check val- 
ves, two self-sealing capped disconnects, and appropriate lines. 

The propellant tanks are protected from overpressure by burst/ 
relief valves, one for the fuel tank and one for the oxidizer. 

Each is vented into its respective umbilical at the Tug/cradle 
interface. 

The propellant delivery portion consists of two propellant acquisi- 
tion devices— one fuel and one oxidizer— two propellant- shutoff 
valves, two quadruple redundant propellant vent valves , end ap- 
propriate feedlines. 

Propellant dump capability is provided in both t <• h . Izontal and 
vertical position.* Horizontal fuel dump is t* • a 1-in. 

(2.54-cm)’ valve on the barrel section of the -r* „ i 1-in. (2.54- 
cm) line .to a 2.5-in. (6.35-cm) line and valv • he aft end of 
the vehicle, which then goes to the fuel umbilici disconnect. 
Horizontal oxidizer dump is through a 1-in. (2.54-cm) valve on 
the barrel section of the tank, a 1-in. (2.54-cm) line to a 3-in. 
(7.62-cm) line and valve at the aft end of the vehicle that theu 
goes to the oxidizer umbilical disconnect. 


r*‘ 

3 >- 



2-64 


tSj He MANUAL VALVE 


TUG/CRADLE 

I/F 


He SOLENOID VALVE 

t{b He REGULATOR 

® CHECK VALVE 
-3 CAPPED DISCONNECT 

% CAPPED DISCONNECT (SELF- SEALING) 

PROPELLANT SHUTOFF VALVE 


(0 UMBILICAL DISCONNECT 
g BURST/RELIEF VALVE 


Fig. 2.2-1Z Block Diagram of Tug Regulated Helium, 
Anbient Storage Configuration 


Vertical dump is through the main propellant £eed lines to a tee. 
The fluid then passes through a pair of valves— ?. 5 in* (6.35 cm) 
for fuel or 3 in. (7.62 cm) for oxidizer, to the Tug/cradle in- 
terface connector. The two valves provide series propellant iso- 
lation during all phases of the mission, including main engine 
operation. Propellant: loading takes place before installation of 
the Tug in the Orbiter bay. Propellants are loaded through the 
dump system at the Tug/cradle unbilical connector. 

The propellant dump philosophy during ascent abort is to dump dur- 
ing powered flight above 150,000 ft (45,720 m) . This period was 
selected because it provides the highest beneficial g, eliminates 
possib le dunp-flow/boundary— layeir interaction, and will not pro- 
duce a change in center of gravity during Orbiter glide-back. 

For Final Option 3A, the stage-and-a-half vehicle, the pressuriza- 
tion system schematic is the same as Fig. 2.2-13, and the propel- 
lant feed-system schematic is shown in Fig. 2.2-14. 


H Prop? Hint Shutoff V»lv« 

ID Self-SMling Umbilical Disconnoct 



Fig. 2.2-14 Block Diagram of Tug Stage -and- 
a-tialf Propellant Feed and Dump System 

In operation, propellants first feed from the multiple drop tanks. 
When empty, these four tanks are jettisoned, and the engine is 
fed from the smaller core tanks. Switchover occurs between engine 
burns. The drop-tank concept is inherently more complicated and 
requires additional hardware in the propellant feed and pressuri- 

. zation subsystems. , 

* ' *****<--■ * 

•*'» The four tanks are pressurized using two separate subsystems that 
are esq>endable with the tanks. One subsystem services each set 
' /of oxidizer and fuel tanks on either side of the main core stage. 

•A third><re usable system pressurizes the core tanks. On all three 
systems, redundant series regulators are incorporated for mission 
assurance. 

v y.2 . •• 

; niThe rpropellant feed components include added feed-line disconnects 
and' "valves necessary to facilitate tank jettison. Wherever pos- 
sible, ^these added components are mounted on and remain with the 
reusable main stage. Although the higher weights degrade the 
core mass fraction, attending performance penalties were accepted 
to minimize recurring hardware costs. 
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Core propellant tanks incorporate propellant retention devices 
similar to those for Final Options X, 2, and 3. However, none 
are Installed in the drop tanks. Studies indicated that, for the 
minimum number of engine starts required during drop-tank opera- 
tion, propellant settling via the ACPS is more efficient. The 
drop-tank propellant gaging configuration uses a series of single- 
level sensors (not redundant) to minimize costs and weight. The 
core tank gaging la redundant . 

As in other final options, propellants ’can ba dumped in both 
horizontal and vertical positions from all main propellant tanks. 

Performance and weight for each option is summarized in Table 

2 . 2 - 11 . 


Table 2.2-11 Main Propulsion System Sumary 



Final. Option 


1 

2 

3 

3A 

Main Engine 

OME ISO 

Class I 

OME 260 

Saste 

Same 


I * s (N-s/kg) 
sp 

327 

(3,207) 

338 

(3,315) 

330.3 

(3,239) 

As 

2 

As 

3 


Thrust, Lb (N) 

7,500 

(33,362) 

12,000 

(53,379) 

12,000 

(53,379) 




Wt, lb (kg) 

/ 330 
(169.7) 

268 

(121.6) 

398 

(180.5) 




Propellant Quantity, 
lb (kg) 

57,000 

(25,855) 

60,000 

(27,216) 



Core 

Dro£ 

MMH Fuel, lb (kg) 

' >• 

♦ 

19,700 

(8,936) 

20,700 

(9,389) 

Same 


6130 

(1873) 

16,550 

(7,507) 

^0^ Oxidizer* 
lb (kg) 

37,300 

(16,919) 

39,300 

(17,827) 

> 


7870 

(3570) 

31,650 

(14,265) 

Main Engine Support 







Pressurization Reg 
, He, lb (kg) 

139 

(63) 

157 

(71.2) 

As 


69 

(31.3) 

196 

(88) 

Propellant Feed, 
lb (kg) 

65 

(20.6) 

65 

(20.6) 



85 

(38.6) 

56 

(25.4) 

Propellant Dump, 

lb (kg) 

56 

(26.5) 

56 

(26.5) 



68 

(21.8) 

43 

(19.5) 

Propellant Acquisi- 
tion, lb (kg) 

30 

(13.6) 

30 

(13.6) 



30 

(13.6) 

10 

(4.5) 

Propellant Utili- 
zation, lb (kg) 

30 

(13.6) 

30 

(13.6) 

2 


26 

(10.9) 

36 

(16.3) 

Engine Actuators, 
lb (kg) 

20 

(9.1) 

20 

(9.1) 



20 

(9 

.1) 
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2.2.8 Auxiliary Control Propulsion Subsystem (ACPS) 

ACTS requirements, candidates considered, candidates selected, and 
rationale are summarized In the following paragraphs. A more de- 
tailed evaluation of each final option is In Vol 5.0, Sect. II of 
the Selected Option Data Dump (Ref 5.8). 


2. 2. 8.1 Requirements - As with main propulsion requirements, 
ground rules were generally taken from the Data Package, Space 
Tug System Studies (Ref 5.12), with, the ACPS requirements derived 
from the mission requirements. Some of the more significant re- 
quirements are : 

1) Designed to be fall-operational/fall-safe; 

2) Capability of being shutdown by one command from the Orblter; 


3) Propellant isolation valves upstream from all engine start 
valves ; 


4) Relief capability to automatically limit maximum pressure 
in pressurized propellant tanks; 


5) The Tug ACPS shall bold the angular rate and attitude posi- 
tion to the following accuracies for the coarse-hold and 
fine-hold operational modes: 


Coarse Mode 

Attitude (all axis), 3-o ±5.0 deg 

(0.087 rad) 

Rate (all axis), 3— o ±1.0 deg/s 

(0.017 rad/s) 


Fine Mode 

±0.5 deg 
(0.0087 rad) 

±0.1 deg/s 
(0.0017 rad/s) 


6) The Tug shall be capable of delivering spacecraft in a stable 
mode with the following velocity and tip-off rates maximum: 


Longitudinal Velocity 
.Tip-off Rates 



5.0 fps (1.52 m/s) 

0.1 deg/s roll (0.0017 rad/s) 
0.1 deg/s pitch and yaw (0.0017 
rad/s) 
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7) The Tug A CPS shall be capable of maintaining Tug attitude 
and residual velocities during Orblter retrieval of the Tug 
to the following accuracies: 


Longitudinal Velocity 
Lateral Velocity 

I 

Angular Misalignment 
Angular Bate 


0.1 to 1.0 fps (0.0305 to 0.305 
m/s) 

0.5 fps (0.152 m/s) 

±10 deg (0.174 rad) 

1.0 deg/s (0.017 rad/s) 


8) Reusability life of 20 missions with a design goal of 100 
missions ; 

9) Attitude control couples were assumed in all six rotational 
modes (North American Rockwell "Safety in Earth Orbit Study/' 
(Bef 5.37); 


10) Main-engine minimum Impulse bit of 8000 lb-s (35 ,586 N-s); 

11) Rotiseerie assumed for spacecraft therr^al control, with a 
"flip-flop" evaluated for worse-case propellant consumption; 

12) Main-engine shutdown transient dispersion of ±3<? - 750 lb-sec 
(3336 N-s) assumed; 

13) Application of fine-mode attitude hold for 2 hr maximum as- 
sumed; 

14) Flight performance reserves of 10Z assumed; 

15) Tug/Orblter separation of 1 mi (1.61 km) with ACPS assumed. 

2. 2.8.2 Candidates Considered/Selection Methods 

2. 2. 8. 2.1 ACPS Selection - Early in the Tug study, preliminary 
ACPS requirements Indicated that total impulse ranged from 50,000 
lb-eec^ (222,411 N-s) for attitude control to 300,000 lb-sec 
(1.334 x 10® -N-s) for both attitude control and vernier maneuvers. 
Preliminary thruster site ranged frum 15 lb (66.7 N) to 300 lb 
(1334 N) "to accommodate both attitude control and vernier maneu- 
vers. This range of impulse and thrust level led to considera- 
tion of both bipropellant and monopropellant systems. Low-thrust 
systems like monopropellant plenum, cold gas, bipropellant gas, 
subliming solids, etc, were not considered. 


2-69 


For the main propulsion system, an evaluation was performed on 
fuel candidates assuming N2O4 as the oxidizer. The candidates 
in order of preference were MMH , A- 50, N 2 H 4 and UDMK . Due to 
thruster availability and common propellant use with the OMS and 
Tug main propulsion systems, MMH was selected as the bipropellant 
fuel during the subsystem evaluation. 

Monopropellants considered were hydrazine and hydrogen perloxlde. 
Hydrazine was selected during the subsystem evaluation over hydro- 
gen perioxide for its higher delivered specific impulse and im- 
proved storability. Hydrogen perioxide has the disadvantages of 
contamination sensitivity and slow decomposition during storage, 
requiring venting. 

There are other monopropellants. However, they were not consid- 
ered applicable to Tug for several reasons; one of which was no 
previous flight experience. These rejections included nltromethane, 
tetra nltromethane, ethylene oxide, and hydrazine /hydrazine nitrate. 

The nozzle arrangement selected has 16 thrusters with four nozzles 
per quadrant, similar to that used on the Apollo service module. 

This arrangement provides control in all six degrees of freedom 
for complete Tug control during Orbiter separation, spacecraft 
release, and Orbiter retrieval of the Tug. With 16 thrusters, 
there is a one-engine-out capability, which is required to meet 
fail-operational/fall-safe criteria. Other nozzle arrangements 
were considered, as shown in Fig. 2.2-15; however, the system se- 
lected Is the most efficient. from the standpoint of total thrusters 
required,, packaging, vehicle control, and one -engine-out capabil- 
ity. 


Due to the large number of configurations being studied (single 
stage, two stage, etc) the total impulse requirement for the ACPS 
was not completely defined. Therefore, the performance relation- 
ship between monopropellant hydrazine and bipropellant systems 
with 16 thrusters was generated. The parametric charts of dry 
weight versus total impulse for the different systems are shown 
in Fig.. ; 2 f 2-JL6. . Each curve in this figure was generated using 
actual thruster weight data, as indicated. 

IJk. detailed Revaluation of total Impulse required was performed for 
the delivery-only mission and the delivery/retrieval mission 

r ( round! trip). The analysis considered such items as Tug/Orbiter 
separation, spacecraft spin-up, inbound midcourse correction, at- 
titude^hold, and 10% performance reserves. The results of the 
analysis are indicated in Fig. 2.2-16, showing the rationale for 
selection of the Hydrazine system for all capability options dur- 
ing concept evaluation. 


Conflguritlen Control logic 
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System 
Weight 
Dry, 
lb (kg) 


Total Impulse, lb-sec x 10 3 (n-s x 10 3 ) 

Tig. 2.2-18 Tug ACTS Selection 

A significant parameter in determining the total ACPS impulse for 
a retrieval mission is thfc main-engine minimum impulse bit (MIB) . 
With a small MIB, 8000 lb-s (35,586 N-s), part of the phasing AV 
for spacecraft retrieval can be performed with the main engine. 

If the ACPS were to perform all spacecraft phasing AV, total im- 
pulse would increase to the 153,000 lb-s (680,578 N-s) value shown 
in Fig. 2.2-16. 

The bipropellant-versus-monopropellant crossover based on dry 
weight only is at approximately 150,000 lb-s (667,233 N-s), as 
shown in Fig. 2.2-16. The fact that monopropellant e/ecific im- 
pulse is lower that that for a bipropellant requires more mono- 
propellant '£or equivalent total impulse. This difference in pro- 
pellant loaded cannot be compared directly to vehicle performance, 
but is a* function of propellant use during the mission. Per form- 
ing the analysis results in a lower crossover point at 130,000 
lb-s <578,269 N-s). 

; i ■*, **** 

* - Because of the large mass and inertia variation of the Tug with 

• tf*** njiasiun time, it is desirable to have high thrust levels initially 

to obtain adequate vehicle response. However, near mission com- 
pletion, attitude hold requirements, both angular and position, 
combined with light mass and inertia, result in small minimum im- 
pulse bit. An evaluation of these parameters resulted in the se- 
lection of 25-lb (111.2-N) thrust nozzles. Optimum thrust in 
pitch and yaw was actually higher than 25 lb (111.2 N) and roll 
was lower; however, requirements in each axis can be met with 25- 
lb (111.2-N) thrusters, which allows a common engine to be used 
throughout the system. 


300 
(136. 1)| 


200 

(90.7) 


100 
(45.4)1 


Blowdown Diaphragm Tank 


22- lb (97. 9 N) 
Thrust R-1E 



Minimum Impulse-^ 
for Delivery Only | 


12-lb (53. 4 N) 
Thrust Ham. 
Std Motor 


0L- 


■Total Impulse 
Range for 
| Delivery & 
Retrieval 
(Round Trip)/ 


100-lb (444. 8 N) 
Thrust R-4D 

Bipropellant Reg 
Surface Force Tank 
Reg Surface Force Tank 


Max Total Impulse 
Required (ACPS 
Used as Vernier 
& Attitude Control) 


50(222.4) 100(444 8) 150(667.2) 200(889.6) 250(1112) 
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2. 2. 8. 2. 2 ACPS Thruster Selection - Data ware compiled and Tug 
candidate thrusters selected for both the bipropellant and raono- 
propcllant systems. Candidates comprised both existing and new 
development thrusters. Existing bipropellant candidates selected 
were the Marquardt R-1E, 22-lb (97.9-N) thrust engine and the 
Msrquardt R-4D, 100-lb (444. 8-N) thrust engine. They were selected 
for their high performance, low minimum impulse bit, demonstrated 
life, and qualification testing. The existing monopropellant can- 
didate selected was the Rocket Research MR-3, 27-lb (120. 1-N) 
thrust engine now flying on the Martin Marietta Trans t age . Other 
candidates were the TRW MRE-50-73, 55-lb (244. 6-N) thrust engine 
and the Hamilton Standard REA-22-4, 12-lb (53.4-N) thrust engine. 

Because a monopropellant system was selected for Tug, a trade study 
was performed on the MR-3 thruster versus a new thruster with im- 
proved life. Results of the trade study showed the new thruster 
had a lower total program cost due to improved life. In addition, 
the new thruster can be optimized for thrust level as well as 
pulsing versus steady-state performance, depending on mission re- 
quirements. 

Based on information available, a so-called vernier bipropellant 
engine of approximately 25-lb (111.2-N) thrust is proposed for 
the Orblter. Assuming this engine could be used on the Tug at 
little or no DDT&E, a cost comparison was made between the mono- 
propellant system selected with a new thruster and that with a 
bipropellant, pie comparison did not Indicate any driving cost 
advantage of the bipropellant system, even if the thruster could 
be obtained at a very low DDT&E cost to the Tug. 

Because total impulse required for spacecraft retrieval is rela- 
tively large, a bipropellant vernier system was evaluated. The 
system consisted of an electric-motor pump assembly that draws 
propellant from the traps in the main propellant tanks and then 
feeds two thrusters. The vernier system would provide AV only, 
and a smaller monopropellant ACPS would provide attitude control 
and docking capability. The vernier system was then parametri- 
cally compared to an all-monopropellant system. Study results 
showed no vehicle weight or performance advantage of the vernier 
system; therefore, due to cost and system complexity, it was de- 
leted from any further consideration. 

An A(ZPS integrated with the main propulsion system was also con- 
sidered. . The system contains two electric-motor pump assemblies 
to meet fail-operation/ fail-safe criteria. The pumps are required 
to boost pressure from the propellant tanks to approximately 300 
psia (206.8 N/cm 2 ) , where propellant accumulators would store up 
to 20,000 lb -s (88,964 N-s) of impulse for attitude hold to pre- 
vent running, the pump continuously . The system weight of 249 lb 
(113 kg) is equivalent to an unintegrated bipropellant system with 
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approximately 200,000 lb-a (889,644 N-s) total Impulse. Because 
Tug Impulse requirements are lower, the integrated system was de- 
leted from further consideration. 

2. 2. 8. 2. 3 ACPS Propellant Management - There are several tech- 
niques for management and acquisition of propellants for the ACPS. 
For bipropellant systems, the most frequently used devices are 
Teflon bladders and metallic bellows. However, Teflon bladders 
have limited cycle life and t^talUc bellows tanks show a signif- 
icant weight penalty. For hydrazine systems, nonmetalllc bladder 
and dlaphram tanks are generally used. Ethylene propylene rubber 
compounds are normally used with hydrazine to obtain better cycle 
life than Teflon; however, these rubber compounds have not been 
compatible with NoO^. Surface tension devices offer all the ad- 
vantages of lightweight, reuse, minimum maintenance, and potential 
for unlimited life. 

The surface tension device was selected by performing trade stud- 
ies on tanks based on expulsion and volumetric efficiency, weight, 
off-load capability, cycle life, cost, and development risk. 

2. 2. 8. 3 Selected Subsystem Candidates - The previous discussion 
outlined candidate subsystems and selection methods. Subsystems 
recocsaended for further evaluation at the First Review were bl- 
propellrot and monopropellant hydrazine. These, selected thrusters, 
and the propellant management technique, are summarized in Table 
2.2-12. Further evaluation led to the final options previously 
discussed. 

Table 2.2-12 Selected Subsystem Candidates 


ACPS System 

Biptopellant - NoOu/HMH 
Mbnopropellant - Hydrazine 

Existing Thrusters 

Bipropellant 

Marquardt R-4D, 100-lb (444.8-N) Thrust 
Marquardt R-1E, 22-lb (97.9-N) Thrust 
Monoprope 11 ant 

TRW MRE-50-73, 35-lb (244. 6-N) Thrust 

RRC MR-3A, 2 5- lb (111.2-N) Thrust 

Hamilton Std REA- 22-4, 12- lb (53.4-N) Thrust 

Propellant Management 

Biprcpellant - Surface Force 
Monopropellant - Surface Force & Diaphragm 
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2. 2. 8. 4 Final Option Definition - For all final options, both 
■ingle-stage and stage-and-a-half , a hydrazine monopropellant 
system was selected. The system shown in Fip ( . 2.2-17 has 16 
thrusters arranged in four modules, with four thrusters per mod- 
ule. Each thruster is Identical, with series- redundant thrust- 
chamber valves and a nominal thrust of 25 lb (111.2 N) . The 
series valves were incorporated to prevent inadvertant thruster 
operation if a valve should fail in the open position. 

The total impulse capability for Final Option 1 delivery-only is 
62,500 lb-s (278,014 N-s) , 300 lb (136 kg) of propellant. For 
Final Options 2, 3, and 3A the total impulse capability was in- 
creased to 125,000 Ib-s (556,028 N-s), 600 lb (272 kg) of propel- 
lant, to accommodate spacecraft retrieval. In both cases, the 
tctal impulse capability is approximately 30Z greater than that 
determined from the detailed ACPS propellant budgets. This in- 
creased capability was provided to cover all contingencies. 

With the large difference in propellant requirements, two propel- 
lant tanks are proposed for Final Options 2, 3, and 3A; a large 
tank for retrieval and a small tank for delivery. A benefit of 
having two propellant tank sizes available, 300- and 600-lb 
(136- and 272-kg) , is the 30-dav servicing mission. For that mis- 
sion, both propellant twiks would be flown, giving a 900-lb (408- 
kg) propellant capability compared to 834 lb (378.3 kg) required, 
based on a detailed analysis of the 30-day mission. 

ACPS propellant acquisition is by a screen surface force device 
that la an integral part of the propellant tank. The propellant 
acquisition device for the ACPS must intermittently supply smll 
quantities of propellant under the effect of an omnidirectional 
acceleration environment. This requirement is satisfied by chan- 
nels that encircle the inter tank wall. The tank is compartmented 
with capillary barriers to withstand high axial g levels result- 
ing from vehicle rotations of up to 60 rpm. Compartmenting the 
tank also makes the device insensitive to propellant off-load. 

The three-port two-way hand valve is used to isolate the propel- 
lant subsystem f rov the pressurization subsystem during ground 
servicing. Once the propellant and pressurization subsystems are 
serviced and checked, the hand valve is rotated to the free- flow 
or flight operational orientation and the service port capped. 

The burst /re lief valve on the propellant tank provides a burst 
disc for zero leak integrity, followed by a relief valve. Should 
a pressure surge rupture the burst disc, the relief valve will 
check tank pressure and prevent the potential loss of the Tug and 
mission. With this device, the tank is not only protected for 
safety considerations., but zero leakage i6 provided by the burst 
disc, as well as pressure check to maximize mission success. 




Quadruple redundant check velvee ere provided downstream of the 
regulators to prevent potential vapors or liquid from contactinc 
the pressure regulators. 

The pressure regulators are eerles-radundant eingle-eta C e. Each 
Is at a slightly different setting; thus, only one regulator Is 

operating at any one tic*, which reduces the wear on the other 
regulators. 


Latching solenoids are provided upstream of the regulators to 
Isolate the high-pressure helium sphere and minimize time on the 
pressure regulators. For safety, these valves would remain closed 
on the ground and while the Tug is in the Orblter. 


2.2.9 Separation Module 


2. 2.9.1 Requirements - The separation module must provide the 
following. 

1) Physical or structural tie between each of the following: 

(a) Tug and spacecraft; 

(b) ,Tug and kick-stage 10; 

(c) Tug and kick-stage 1.5; 

(d) Kick-stage 10 and kick-stage 1.5; 

(e) Kick-stage 10 and spacecraft; 

(f) Kick-stage 1.5 and spacecraft. 

2) Electrical Interface connection for the six combinations 
listed above. 

3) Means of separating the six combinations listed above. 

2. 2. 9. 2 Configuration - The separation module shown in Fig. 2.2-18 
is used on all 10-ft (3.05-m) dia vehicles, which include Final 
Options 1, 2, and 3. Final Option 3 A is similar except the diam- 
eter is 6 ft (l.£3 m) . The baseline module is 10 ft (3.05 m) in 
diameter and 5 in. (12.7 cm) deep, made from 7075-T73 aluminum. 

It consists of two machined angles spliced with two notched frangi- 
ble doublers with an oval stainless-steel tube in the splice. The 
angle flanges in each end of the 5- in. (12.7-cm) section bolt to 
the Tug and spacecraft, respectively, or any of the other five com- 
binations listed in 2. 2. 9.1. Electrical disconnects are supported 
by brackets mounted on the outside wall of the module. Separa- 
tion is achieved by detonating fuses inside the stainless tube, 
causing the frangible doubler6 to shear. After the doublers 
ahc«ar, final separation is achieved by springs in the module 
around its inside perimeter. Figure 2.2-19 shows the possible 
combinations of separation module. 

. ,; 1 ,.‘,U "* •* " * 

• .* 2.2.10 Docking Module 

2.2.10.1 Requirements - The docking module, which houses the 
docking mechanism, must provide for: 

1) Delivering either a three-axis or spin-stabilized spacecraft; 

2) Retrieving either a three-axis cr spin-stabilized spacecraft; 
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ELECTRICAL STAGING DISCONNECT 
RECEPTACLE 


ELECTRICAL STAGING DISCOM 
PLUG ATTACHED TO 

r BRACKET (PART OF TUG) 










Span Tug I 5 in. 

I 112.7 cm) 

J 

Tug to KS lttKS L5 
to Spacecraft 


Fig. 2.2-19 Tug/Kick- Stage /Spacecraft 

















3) Docking undttr the following conditions: 

(a) Radial misalignment of ±6 in. (15.2 cm). 

(b) Angular misalignment of ±3 deg (0.052 rad) 

(c) Longitudinal velocity of 0.1 to 1.0 fps (0.03 to 0.3 
m/s) 

(d) Lateral velocity of 0.30 ,fps (0.09 m/s) 

(e) Angular rate of 2. A deg/s (0.041 rad/s) 

4) A structural latching system separate from the docking mechan- 
ism with sufficient strength and stiffness to support a space- 
craft at all times except during the actual delivery or re- 
trieval maneuvers. 

5) An electrical interface connection to the spacecraft with dis- 
connect capability at delivery but also capable of being re- 
connected at docking. 

2 . 210 . 2 Configuration - As shown in Fig. 2.2-20, the docking 
module, is used on all 10- ft (3.05-m) dia vehicles that have 
docking capability. It consists of a 10- ft (3.05-m) dia shell, 

21 in. (0.53 m) deep that houses a modified Apollo-type probe, 
actuator-damper system, and 18 mechanical latches. The shell is 
an aluminum skin-stringer arrangement with 36 stringers. There 
is an external flange on the aft end that bolts to the Tug for- 
ward interface flange. The probe is mounted in the center of a 
triangular frame, which in turn is supported by six actuator- 
damper devices supported at the inboard flange of the module aft 
ring. - A torque motor mounted in the probe housing provides spin- 
up capability for the probe head. Initial spacecraft capture is 
with capture latches mounted in the probe head.’ After initial 
capture, the actuator-dampers are retracted and hard docking is 
achieved through 18 mechanical latches on the perimeter of the 
10-ft,.(3-D5^m) dia module. 

.All flight loads are transmitted through the latches and outer 
v * structure .rather than through the docking mechanism. For a de- 
■p . .i livery and retrieval mission, the spacecraft is installed with 
. ‘ •; hard r'latches and deployed by unlatching and extending the actua- 
,, torrdasppsre.. For . the Final Option 3A vehicle, the same method is 
used, but the module 6 ft (1.83 m) in diameter rather than 10 ft 
(3.0$S). 
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2.2.11 Auxiliary Stages 


The auxiliary stage requirements , configurations selected, and 
rationale are summarized in the following paragraphs. A more de- 
tailed evaluation of the configurations is in Vol 5.0, sect. II 

of the Selected Option Data Dump (Ref 5.8). 

2.2.11.1 Requirements - To improve Tug capability on some high- 
energy planetary missions, an auxiliary stage or kick stage is 
required. Requirements for the kick. stage were generally derived 
from Tug capability and mission model requirements. Because the 
study contract was to evaluate Tug designs, the kick stage was 
baselined as a solid to minimize cost, but a detailed trade study 
was not performed. It was felt that the use of a solid versus 
liquid kick stage should have little or no effect on Tug design 
and selection. 

1) The kick stage requires three-axis guidance and control for 
proper spacecraft orbital insertion. 

2) Power is required for kick-stage functions only. (Power to 
the spacecraft is terminated at kick-stage /Tug separation.) 

3) Mission life after Tug separation is approximately 20 min, or 
9h hr from liftoff. 

4) The ACPS is to provide control during solid motor bum, coast, 
attitude hold during spacecraft separation, and vernier capa- 
bility to accommodate dispersions in solid-motor total im- 
pulse. 

5) The solid-motor thrust level shall be such that the spacecraft 
g level shall not exceed 3.6. 

6) The kick stage shall be designed to be fail safe. 

2.2.11.2 Candidates Considered/Selection Methods - At the Re- 
quirements Assessment meeting (Ref 5.3), the auxiliary or kick 
stage was shown to significantly enhance both deep-space and 
geostationary capability. At that time, the kick stage was also 
being considered for spacecraft retrieval. The mission mode was 
to attach the stage to the spacecraft before delivery and to de- 
orbit the spacecraft at some later date. The Tug would then re- 
trieve the spacecraft from the lower-energy orbit. The auxiliary 
stages were designated VP-1 (Velocity Package 1), VP-2, and VP-3 
(VP-1 + VP-2) . Stages used existing solid propellant motors — 
VP-1 with 2300 lb (1043 kg) of propellant and VP-2 7300 lb 

(3311 kg). 
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After the Requirements Assessment meeting, two new requirements 
were imposed on the kick stage. Its thrust level was restricted 
to 3.6 g maximum, and attachment of deorbit kick stages for the 
operational life of the spacecraft was ruled out due to the pos- 
sible effect on spacecraft design. Because of the g-level re- 
striction, solid- as well as liquid-propellant kick stages were 
evaluated. These data were presented at the First Review presenta- 
tion (Ref 5.4) in the System Panel meeting. There were again 
three configurations: one with 3000 lb (1361 kg) of propellant, 

another with 10,000 lb (4536 kg) and a combination of the two. 
However, data received from both Hercules and Thiokol confirmed 
the feasibility of slow-burning solid propellants to meet the g- 
level restriction. Because the type of propellant was not sig- 
nificant in Tug selection, solid propellants were selected due to 
cost and simplicity of operations. 

At the Program Concept Evaluation (Ref 5.5), further refinement 
of the auxiliary stage requirements led to addition of a small 
deorblt solid stage with 1400 lb (635 kg) of propellant. The de- 
orbit stage, designated deorbit kick motor, would be attached to 
the spacecraft at the time of retrieval from orbit by the Tug. 

The kick stage would then deorbit the spacecraft, where it would 
be retrieved by a later Tug flight. Closer examination of this 
mission mode revealed that it was more efficient and less complex 
to simply deorbit the spacecraft with the Tug. This mode is de- 
fined as delayed retrieval and uses the energy previously re- 
quired to take the auxiliary stage to orbit for spacecraft deor- 
bit. The new mission mode reduced both the total quantity and 
types of kick-stage configurations required. The limited use of 
the auxiliary stage to accomplish the mission model is shown in 
Table 1.4-4. 

2.2.11.3 Configurations Selected - There are three kick stage 
configurations, a small 420,000 lb-s (1.87 x 10 6 N-s) impulse 
stage designated KS 1.5, a larger 2,900,000 lb-s (1.29 x 10 ? N-s) 
Impulse stage designated KS 10, and a two-stage coif figuration 
consisting of KS 1.5 and KS 10. The smaller kick it age was se- 
lected at .growth Burner II si ze in hopes of using existing hard- 
ware. For expendable Tug missions, this is the most efficient 
size baaed, on mission model requirements. It also provides high 
AV for .small spacecraft, while maintaining a spacecraft g level 
less than 3.6. The larger kick stage was selected for heavy 
planetary missions. Although the exact size was not critical, 
sizing is for a geostationary apogee kick motor based on the 
storable Tug capability. 
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The third configuration combined the large and small kick stage 
in a two-stage configuration to provide program flexibility while 
naintaining low cost by having only two basic kick stages. The 
two-stage kick-stage configuration provides even higher AV for 
snail spacecraft, while 6till maintaining a g level less than 3.6. 

Although the kick-stage configuration is somewhat different when 
used with single-stage Tugs (Final Options 1, 2, and 3) compared 
to the stage-and-a-half Tug (Final Option 3A) , for this report, 
the configuration discussed is for the single-stage Tug. 

# 

The KS 1.5 kick stage (Fig. 2.2-21) is 10 ft (3.05 m) in diameter, 
5 ft 5 in. (1.65 m) long and has a total weight plus 10% contin- 
gency of 2146 lb (973 kg). KS 10 (Fig. 2.2-22) is also 10 ft 
(3.05 m) in diameter, but 6 ft 10 in. (2.08 m) long and has a 
total weight plus 10% contingency of 11,680 lb (5298 kg). 



Fig. 2.2-21 Kick Stage l.S 


KS 1.5 stacked above KS 10 (Fig. 2.2-23), designated KS 10/1.5, 
is 11 ft 10 in. (3:61 m) long. The assembly has a total weight 
plus 10% contingency of 11,808 lb (5356 kg) for the lower stage 
and 1972 lb (894 kg) for the upper. • 
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Pig. 2.2-22 Kiok Stage KS 10 



193 sec BURN TIME 
290 I (2844 N-s/kg) 

2.900,000 lb-sec (1.289xl0 7 N-s) 
TOTAL IMPULSE 


139 sec BURN TIME 
290 I (2844 N-s/kg) 

417,600 lb-sec (1.857xl0 6 N-s) 
TOTAL IMPULSE 


Fig. 2.2-23 Kick Stage KS 10/1. S 
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The use of kick-stage arrangements as applied to the final options 
is as follows: 

Final Option 1 - KS 10, 1.5, 10/1.5 
Final Option 2 - KS 10 
Final Option 3 - KS 10, 10/1.5 
Final Option 3A - KS 10, 10/1.5 

2.2,11.3.1 Solid Rocket Motor - Motors for KS 10 and KS 1.5 have 
spherical lightweight cases (T1-6A1-4V or glass fiber) with par- 
tially submerged exhaust nozzles with an expansion ratio of ap-. 
proxlmately 50:1, permitting a short, compact stage. Two igniters, 
Installed at the rear of tne motor case, are provided for the KS 10 
motor. The KS 1.5 motor has one igniter mounted at the front of 
the case. The motor cases are loaded with slow-burning propel- 
lants (Class 2), which limits the stage acceleration to 3.6 g for 
the required total impulse. 


Based on preliminary information from various solid rocket motor 
manufacturers, the following data ware used for kick stage design: 


Parameter 

KS 10 

KS 1.5 

Total impulse required, lb-s 

2,900,000 

420,000 

.. r (N-s) 

(1.289 x 10 7 ) 

(1.868 x 10 6 ) 

Propellant weight, W , lb 

PR (kg) 

10,000 

1,440 

(4.536) 

(653) 

Thrust, lb 

15,000 

3,000 

(N) 

(66,723) 

(13,345) 

Specific Impulse, s 

290 

290 

(N-s /kg) 

(2,844) 

(2,844) 

Burning time, s 

193 

139 

Empty motor weight, W , lb 

900 

146 

“ (kg) 

(408.2) 

(66.2) 


A Q1 

0.908 

•V 

U «7l 

Motor diameter, in. 

72 

37 

(m) 

(1.83) 

(0.94) 

Motor length, in. 

86 w/ignlter 

56 

(m) 

(2.18) 

(1.42) 


50 

(1.27) 

w/o Igniter 
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2.2.11.3.2 Structure - Each kick- stage structure consists of the 
motor thrust structure, skirt, equipment support struts and 
brackets, and the spacecraft interface. 

The thrust structure is an aluminum skin-stringer conic structure 
that supports the rocket motor, extending radially to the skirt 
structure for uniform load distribution. 

Each skirt is aluminum skin-stringer construction, 10 ft (3.05 m) 
in diameter. The KS 10 skirt is 6. ft 5 in. (1.96 m) long, while 
the KS 1.5 skirt is 5 ft (1.52 m) long. The KS 1.5 skirt is not 
used to support equipment, permitting retention of the skirt at 
staging either with the Tug or with KS 10, depending on the mis- 
sion configuration. 

The spacecraft interface is a 10-ft (3.05-m) die by 5-in. (12.7- 
cm) daep aluminum separation module containing the separation 
ordnance and spacecraft deployment assembly . 

Thermal protection is provided by thermal paint and selected ap- 
plications of multilayer insulation. 

2.2.11.3.3 Avionics - The avionics are the same for each kick 
stage. For the dual kick-stage configuration, the power, load 
distribution, and guidance, navigation, and control (GtJ&C) func- 
;;.i*sns are in the forward kick stage (KS 1.5) only. 

The GN&C subsystem contains three gyros, three accelerometers, 
and associated integrated circuits. The steering logic indicated 
is not in final form; however, it does show that the pitch and 
yaw profile will be related to the performance and thrust mis- 
alignment of the kick, stage and not just a function of time. 

This is an improvement over the Burner II logic and permits 
achievement of the 3-o state vector planetary-insertion require- 
ments as now understood. 

The ACPS subsystem will be operational threpgh a phase-plane 
autopilot in .both powered and coast flight due to the fixed main 
motor. The kick-stage GN&C box will have all the sensing capa- 
bility of a strapdown LMU, but without the ability to relate its 
data, iiensed in body coordinates to an inertial frame; i.e., it 
.does not 'contain the electronic gimbal algorithm, nor are its 
sensors aligned well enough to take advantage of this mathemati- 
cal routine, should the integrated circuits be built into it. 
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The electrical power and distribution subsystec consists of two 
oain batteries, an auxiliary battery and power distributors, and 
required wiring and connectors. The main batteries supply required 
power to propulsion and avionics subsystems end the spacecraft. 

The auxiliary battery is used primarily for ordnance requirements. 

This system also contains the ordnance and ordnance circuitry for 
spacecraft separation and for the SRM igniters. Each SRM igniter 
unit is provided with an electromechanical safe and arm device as 
well as redundant squibs that Inltiatq motor ignition. In addi- 
tion, each ordnance circuit has its own safe and arm device to 
prevent accidental squib ignition. 

The spacecraft communications subsystem will be modified to per- 
mit transmission of kick-stage data by the spacecraft transmitter 
before separation, eliminating the need for a separate communica- 
tions subsystem on board the kick stage. This will include a 
5-lb (2.27-kg) weight addition to the spacecraft. 

2.2.11.3.4 Attitude Control - The ACPS for each kick stage uses 
monopropexlant N2H4 with gas'ous nitrogen at 3400 psi (2344 N/cm 2 ) 
as the pressurant. All system components were selected from 
flight-qualified hardware and both kick stages use the same com- 
ponents. 

The ACPS for the two kick stages uses a pressure-regulated pres- 
surization system with 12 thrusters. In pitch and yaw, there are 
eight thrusters each with a maximum thrust of 27 lb (120.1 N) . 

In roll, there are four thrusters, each with a maximum thrust of 5 
5.3 lb (23.6 N) . The thrusters have, aeries valves and are ar- 
ranged In pairs to provide redundancy in each axis. 

The total ACPS propellant load, including reserves and contingency, 
is 60 lb (27.2 kg) and 120 lb (54.4 kg) for the KS 1.5 and KS 10, 
respectively. . 
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2.2.12 Cradle 


2.2.12.1 Requirements - The cradle must provide dump provisions 
for the Tug main propellants, both fuel and oxidizer, as well as 
structural and electrical interfaces with both the Tug and Or- 
biter. In accomplishing this, the cradle must provide: 

1) Structural support of the Tug and its spacecraft during or- 
biter operation with a four-point statically determinant 
cradle-to-Orbiter load system; # 

2) A Tug-to-cradle structural restraint system that need not be 
statically determinant, but with capability fo? remote latch- 
ing and unlatching; 

3) A remotely actuated quick disconnect with remote reconnect 
capability for the Tug-to-cradle propellant dump lines and 
electrical umbilical; 

4) Support for cradle-to-Orbiter umbilical sections for both 
propellant dump lines and electrical connectors. 

2.2.12.2 Final Option Definition 

a. Cradle for Final Options l t 2, and 3 - Figure 2.2-24 shows 
the cradle design used for single-stage options. Cradle length 
is 15 ft 4 in. (4.67 m) and the outside diameter is nearly 15 ft 
(4.57 m). A clam-shell door provides means to pick up the Tug 
over its full circumference rather than only the lower half. 
Cradle-to-Orbiter interface points are statically determinant as 
defined in Payload Acoomiodationg (Ref 5.13) with two vertical 
and two longitudinal reactions taken at Orb iter sta 1041, one 
vertical at Orblter Sta 1134.5, and one lateral at Orbiter Sta 
1040. The Tug-to-cradle structural tie is statically indetermi- 
nant with eight lateral (Y) , eight vertical (Z) ties, and a vee- 
groove damp for longitudinal (X) loads. 

b. Final Option 3A Cradle - Figure 2.2-25 shows the cradle de- 
sign used for the stage-and-a-half vehicle. The length is 20 ft 
10 in.. (6.35 m) and the diameter i6 nearly 15 ft (4.57 m) . The 

. cradle .‘Is made up of two deep multicell box beams running full 
- length^along each side, tied together at each end by bulkhead- 
,£ype frames. The forward frame has a fixed lower portion machined 
from 7075-T73 aluminum forgings and an upper clamshell portion 
actuated by powered hinges and with an upper centerline tension 
tie that is mechanically actuated. The aft bulkhead covers only 
the lower portion, and it also is machined from 7075-T73 aluminum 
forgings. The box beams are made of 7075-T6 aluminum skins over 
7075-T73 aluminum machined ribs with 7075-T73 aluminum extruded- 
angle longitudinal stiffeners along the full length of the beams. 
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Fig. 2.2-24 Cradle Concept for Final Options 1, 2 3 and 2 



Fig. 2.2-25 Cradle Concept for Final Option 3A 




Figure 2.2-26 shows the Tug-to-cradle umbilical plate concept 




Fig. 2.2-26 Tug/Cradle Umbilical Separation-Plate Concept 




CONFIGURATION CONCEPTS 


This section generally defines the activity taking place in Task 
3. Mission requirements were defined in Task 1. Data on all 
potential subsystems were collected and evaluated in Task 2, with 
each subsystem subjected to a course screening based on the re- 
quirements as known at that time. The selected subsystem candi- 
dates surviving the Task 2 screening were eligible for considera- 
tion in the overall Tug configuration synthesis process in Task 3. 
The following paragraphs provide an overview of the Tug configura- 
tion conceptual design activity. Including synthesis methods, 
concepts considered, methods for evaluation and selection, and 
finally, the Tug configurations selected for further detailed 
definition in Task 5. 

2.3.1 Configuration Synthesis Methods 

As applied to this study, configuration synthesis is defined as 
the process of developing the conceptual Tug configurations for 
each of seven capability options that will satisfy the "bucket" 
requirements and those mission/design requirements defined in 
paragraphs 2.1 and 2.2. It should be noted that the term "capa- 
bility option" as defined in Task 3 is not the same as the term 
"final option" as used in Task 5. The options were redefined by 
NASA/DOD after the Program Concept Evaluation presentation 
(Ref 5.5), and are referred to as final options in Task 5. Each 
of the seven capability options as used in Task 3 are defined 
below. 


2. 3. 1.1 Tug Concept Selection Capability Options (Buckets ) - The 
seven NASA/DOD provided Tug capability options for use by all Tug 
system study contractors for the concept selection milestone are 
defined. as follows: 

a. Option 1: Interim Tug (without Rendeavoue and Docking), 

Direct-Developed - This direct-developed limited-capability Tug 
will have its IOC on December 31, 1979. The vehicle must deploy 
3500 lb (1588 kg) in geosynchronous orbit. It will not have 
retrieval capability. It will use subsystems that have early 
availability. The degree of autonomy is unspecified and is to 
be the subject of trade studies. Because this option is not to 
be phased, evolutionary capability shall not be considered in the 
design.;-*^ J 

h . Option 2: Interim Tug (with Rendeavoue and Docking), Direct- 

Developed - This direct-developed medium-capability Tug will have 
its IOC on December 31, 1979. A higher-performance propulsion 
system Is expected than that in Option 1. Option 2 will have 
geosynchronous retrieval capability. The degree of autonomy is 
a tradable item. Minimum performance will be 3500 lb (1588 kg) 
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in a geosynchronous deployment mode and 2200 lb (998 kg) in a 
geosynchronous retrieval mode. Because Option 2 is not to be 
phased, evolutionary capability shall not be considered in the 
design. 

a. Option 3: Interim Tug (without Rendezvous and Booking) „ 

Phased to Interim Tug (with Rendezvous and Docking) - This phase- 
developed Tug will have performance and IOC requirements consistent 
with the definitions of Options 1 and 2. Evolutionary capability 
shall be considered in the design of Option 1 in this case. Costs 
and schedules for direct-developing the identical Option 2 obtained 
from this phased program (with an 'IOC of December 21, 1983) shall 
be provided. Design penalties due to phasing will be minimized. 

d. Option 4: Full- Capability Tug , Direct-Developed - This direct- 

developed full-capability Tug will have its IOC on December 31, 

1983. Sensitivity of factors relevant to moving the IOC up two 
years will be performed. The actual date should be based on the 
optimum development cost. It will have retrieval and servicing 
capabilities. The latter is not to be used as a driver, however. 

All requirements for this option shown in the government data 
package will be applied. Minimum performance will be 3500 lb 
(1588 kg) in a geosynchronous retrieval mode. Medium to high 
autonomy is desired. 

e. Option 6: Interim Tug (without Rendezvous arid Booking ), 

Phased to Full-Capability Tug - This phase-developed Tug will have 
performance and IOC requirements consistent with the definitions 
of Options. 1- and 4. Design penalties due to phasing will be 
minimized . 

f. Option 6: Interim Tug (with Rendezvous and Docking) t Phased 

to Full Capability Tug - This phase-developed Tug will have per- 
formance and IOC requirements consistent with the definitions of 
Options 2 and 4. Design penalties due to phasing will be minimized. 

gi , Option ?: Interim Tug (with Rendezvous and Docking) , Directly 

Developed - This direct-developed Tug will have its IOC on 
December- 31, 1983. The performance requirements are consistent 
with the definition of Option 2. 

..2-3-1- 2 System/Subsystem Synthesizing Procedure - The innumerable 
", technical, safety, and economic variables for the study dete:r- 
* mined the detail depth and number of iterations required for 
defining the conceptual Tug systems to the design, manufacturing, 
and operational levels. The general steps performed In the process 
are listed below, with their interrelationship shown in Fig. 

2.3-1. 

Step 1: Determine fug general performance requirements to establish 

sizing. This was accomplished in Task 1. 



:-rua 
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Step 2: D«termin« selected subsystem cendldet^. This wes 

accomplished in Task 2. 


\ 


Step 3: Develop subsystem combining procedure. 

Step 4: Develop screening criteria end ground rules. 

Step 5: Select basic vehicle configurations (single-stage or 

multistage) that could be used to satisfy the mission requirements. 

Step 6: Lay out feasible structural arrangements for the basic 

vehicle configuration and determine basic weights. 

Step 7: Initially screen structural concepts based primarily on 

weight, with additional considerations of cost, manufacturing 
techniques, safety, reliability and maintainability (reuse/ 
refurbish), and given ground rules. 

Step 8: Determine gross performance capability of each surviving 

configuration using calculated structural weights and assumed 
weights of other subsystems (minimum). Performance capability is 
based on parametric methods for delivery only, retrieval only, 
and round trip, expressed as weight of Tug payload (spacecraft). 

Step 9: Conduct first screening iteration based on performance. 

Step 10: Receive capability option definitions from NASA/DOD. 

Step 11; Assign. Tug configurations to match desired capability 
options. Assure imperative criteria are met. 

Step 12: Define candidate Tug families consisting of the single 

or multiple Tugs with their corresponding operations, equipment, 
and interfaces required to satisfy the seven capability option 
requirements . 

Step 13: Select specific subsystems to match Tug configurations 

and mission requirements. 

Step 14: Define operations, equipment, and interfaces for 

typical Tug configurations. 

Step 25: Refine performance capability of each configuration using 

cal coil ated veights for structure and all other subsystems and for 
each engine option. 

Step 16: Perform second screening iteration. 

Step 17: Martin Marietta select recommended Tug family for each 

capability option. 
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Step IS: NAS A/ DO D select Tug configurations and dtfins final 

options for Task 5 study. 

2. 3. 1.3 Synthesis Ground Rulas - Definition of the capability 
options permit ted certain basic rulas other than those of the 
basic Data Package (Ref 5.12) to be f emulated and applied in the 
Tug configuration synthesis process and are: 

- For delivery-only missions, remove rendezvous and docking 
hardware from Tug to enhance spacecraft delivery capability and 
to preclude unnecessary aging of fendesvous and docking hardware. 

• Do uot change tank or structure materials in phase development. 

- Phase develop in one step from 1979 to 1983. 

- Do n't change tank configuration in phase development (maintain 
same mixture ratio) . 

- Use as phase development drivers: 

Engine ^OME or Bell to high P c j 

Rendezvous and decking to accommodate retrieval 
State-of-the-art avionics to "lighter" avionics. 


■, i' ' 

\ + \ ' 
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2.3.2 Tug Concepts Considered 


The following paragraphs present the basic structural Tug concepts 
considered, selected subsystem candidates for use in configuration 
synthesis, and the candidate Tug configurations used for evalua- 
tion in each capability option (bucket). 

2. 3. 2.1 Basic Structural Concepts - Table 2.3-1 shows the selected 
structural subsystem candidates surviving the Task 2 screening 
process. 


Table 2.3-1 Selected Structural Subsysten Candidates 


Structural 
Subsystem Designator 

Description 

Selected Candidates 

Single stage, 57,000 lb (25,855 kg) propel- 
lant; mixture ratio, 2:1 

IA1 

Isolated tanks. Titan III Stage 11 tank 
arrangement 

IA2 

Isolated tanks, fuel tank forward, elliptical 
domes 

1A3 

Isolated tanks, equal-volume tanks, (mixture 
ratio, 1.65:1) 

ID 

Common-dome tanks, hemispherical domes 

Selected Candidate 

Two-6tage, 28,500 lb (12,927 kg) propellant 
per stage; mixture ratio, 2:1 

1IIC „ . .. 

Common-dome tanks, elliptical domes 

Selected Candidate 

Stage-and-a-half , 57,000 lb (25,855 kg) 
propellant; tank arrangement, core and 
drop tanks; mixture ratio, 2:1 

IVE 

20/80 propellant split, core plus two drop 

, 

tanks, common elliptical domes 


2. 3. 2.2 Subsystem Candidates - Table 2.3-2 shows the selected sub- 
system candidates from the subsystem evaluation tasks discussed in 
paragraph 2.2, with their designators used for identification and 
tracking of the various Tug configurations. 

2. 3.2.3 Kick-Stage Concepts - Figure 2.3-2 shows the basic kick- 
'Stage concepts used in this phase of . the study. These were later 
redesigned in the program definition task, (para 2.2.9.) 



Table 2.3-2 Selected Subsystem Candidates Sumary 


Subsystem 

Designator 

Description 

Materials 

LT Ai 

Aluminum, light weight, minimum tank wall 0.020 in. (0.501 -hb) one-piece domes 


Hvy Al 

Aluminum, heavy weight, minimus tank wall 0,035 in. (0.119-ma) welded gore section domes 


Ti A C 

Titanium plus composites, minimum tank wall 0.012 in. (0.30&-aa) 

Tank 

None 

Isolated tanks, Tltsn 111, Stage II tooling A configuration 

Arrangements 


Isolated tanks, new design 
CoBsson dome (spherical A elliptical) 

Propellant 

None 

N:0./>WH 

Engines 

E-325-8 

>•11 90961. 1 ■ 323 ooc non <3117 N-,/k|), F > 16,000 lb (71,172 N), MX • 1.76 


E- 325-0 

OMF. •*l*tln,, l • 323 mc non <3167 N-,/k|). F • 7400 lb <33,362 ti) , HR * 2,0 


E-325 

OME uprated, 1 ■ 323 ooc non (3117 »-,/k$) , F • 12,000 lb <33,379 N), HR ■ 2.0 


E-336 

Now ClOM 1, I - 336 ooc non <3313 H-o/kg) , F • 12,000 lb <53,379 »), HR • 2.0 


E-344 

Row Clo.» 11, l lp • 344 occ non <3373 K-o/kg), F - 12,000 lb (53,379 H) , HR • 2,0 

Pressurization 

PR-l(X) 

PR-2(X) 

Regulated helium - eminent storage 


PR-6(X) 

Gaa-ganarstor cascade 

AC PS 

ACPS-2 (8) 

Monopropellant hydrazine (16 thrusters) 

Thermal 

TH-1 

Single-stags, passive, HL1 


TH-2 

Stage-and-a-half , passive, MU 


TH-3 

Single-stage, active, ML1 with host exchanger 


TH-4 

Two-stage, passive, MU 


TH-3 

Single-stage, passive, thermal paint with limited MU 

Data Management 


Flexible signal interface (FSI) 

Communications 


S-band 

Power 


Solar array/Ag-Zn battery 

Fuel call 

Batteries 

Rendezvous A 


RF radar 

Docking 


Laser radar 

Guidance A 


Redundant atrapdovn IMUs with star tracker (Horizon sensor for Autonomy Laval 1) 

Navigation 


Llfthveight redundant atrapdovn IMUs with star tracker (Horizon sensor for 
Autonomy Level 1) 

Controls 


Integrated hydraulic actuators (main engine gitabal) , 16-thruster ACPS (attitude control) 

Autonomy Level 


Level 11 


Avio ,ic* subsystems above were combined Into the following "kits'*: 


AV-1 1979 Type Avionics (heavy), delivery-only capability, eolar-paoel power, 

, Autonomy bevel II 

AV-4 Same as AV-1 plus rendezvous A docking capability 

AV-3 1963 Type Avionics (light), delivery-only capability, solsr-panel power. 

Autonomy Level II > 

AV-2 Same as AV-3 plus rendezvous & docking capability 

AV-fi Same as AV-3 except fuel-cell power 

1 AV-7 Sams as AV-2 except fuel -cell power 

AV-9 Same as AV-l except battery potrer only 

Note; Rit concept is used for all configurations ; for delivery missions, the docking Module is replaced 
by the separation nodule (see 2.2.10 A 2.2.9, respectively.) 










D|C-1 


DW'*2 


AW'* 1 


S-a 1 1 Frr* 
(SlrfUr to 
Sumer II) 


fcall 'to tor 
’.Sirilar to 
Sumer II 

w/s lew-burn 
prooelltnt) 


9 


1440 1b 
(653 kg) 


Use • Ascent or Deorbit 



3 SOD 1b 
(1361 kg) 


Use - Deorbit 

(Burn within 12 hr 
of Inject) 



U ■ 10,000 
p (4536 kg) 


Use - Ascent 


Pig. 2.3-2 Kick-Stage Concepts 


2.3. 2.4 Candidate Tur Configurations for Evaluation - Using the 
structural/subsystem concepts described above, the synthesis/ 
subsystem combining task resulted in the generation of 48 individual 
Tug configurations. The screening process reduced these to 33, as 
show's in TabTe 2.3-3, that were actually qualified as candidates 
for further evaluation within the seven NASA/DOD-provlded capability 
options. The 33 candidates, when combined within the options, 
formed 39 different candidate "families." 

Table 2.3-3 Candidate Tug Sue tens 









Table 2.3-4 la an example of Che grouping of candidate Tugs within 
each capability option; in this case Capability Option 7. A 
complete list of all candidate Tugs in each of the capability 
options may be found iu Data Package Space Tug Systems Study 
(Storable) (Ref 5.7). 

2.3.3 Methods for Tug Concept Assessment and Selection 

The following paragraphs describe the methods used for assessment 
of all Tug candidates and for selection of preferred candidates 
within each capability option. 

2. 3. 3.1 Commonality Grouping and Sensitivity Values - Following 
the synthesis process and before actual assessment of the candi- 
date Tug configurations, it was necessary to develop a logic for 
placement of each candidate in the capability option for which it 
was best qualified. In addition to the basic performance require- 
ment for each option, developed logic used commonality grouping of 
basic configurations, with additional back-checks on specific 
cost sensitivities of interest. 

Commonality groups were formed for each option using a single- 
stage, dual— stage, and stage-and-a-half Tug; each with common 
or comparable subsystems; i.e., common engines like OME uprated, 
common structure like titanium wad composites, and common avionics 
like early 1979 state-of-the-art equipment. 

Additional Tug candidates were added to each option to provide cost 
-sensitivity. Included were such items as isolated tank arrange- 
ment versus common bulkhead, solar-panel versus fuel-cell power, 
passive versus active thermal control systems, phasing new Class I 
to Class II engines, titanium versus aluminum tanks, welded domes 
to one-piece domes, solar-panel versus all-battery power, and 
the like. 

In addition, option requirements permitted placement logic to check 
such items as the cost of retrieval capability to the program. 

2. 3.3.2 • Imperatives Criteria - All Tug concepts were required to 
satisfy certain screening requirements, including safety, relia- 
bility, compatibility with Shuttle and crew, and minimum perfor- 
mance (by capability option), before warranting further ' considera- 
tion. Some configurations were eliminated for failure to achieve 
the 3500-lb (1588-kg) delivery-only capability gate. Adjustments 
were made in component redundancy in the avioni~s subsystems to 
pass the overall vehicle reliability gate. Safety and compati- 
bility with Shuttle/crew-imperative criteria ware based on system 
and subsystem design experience. 
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2. 3. 3. 3 Assessment and Screening Criteria - Assessment and 
selection criteria used in considering the merits of each Tug 
concept within each capability option were grouped s quantifiable 
criteria (cost, spacecraft performance, mission capture) and 
unquantifiable criteria (other performance capabilities, operational 
complexity, risk, spacecraft effects, evolutionary and growth capa- 
bility) , Both quantifiable and nonquantlf iable criteria were de- 
rived from general criteria provided by NASA and DOD. 

a. Quantifiable Criteria - Assessment of Tug concepts with regard 
to quantifiable criteria was an application of key discriminators 
against the criteria shown in Table 2.3-5 . The mission capture 
analysis was performed using the flight techniques developed for 
the applicable Tug configurations; i.e., single, dual or stage-and- 
a-half with/vithout kick stages (para 2.1 and 2.2) 


Table 2.3~5 Quantifiable Assessment and Selection Criteria 


Cost 

Criteria 

Discriminators 

DDT&E 

Flight Operations Analysis 

Investment (Production) 

Ground Operations Analysis 

Operations 

IOC 

Cost/Flight 

Program Schedule 

Total Program Cost 


Total Tug Cost 


Mission Capture 

Criteria 

Discriminators 

Performance Capability 

Spacecraft Weight 

Delivery 

Flight Techniques 

Re triveal 

Spacecraft Types 

Round Trip 

Traffic Model 

Number of Shuttle Flights 

100% Capture 

Geostationary 

Spacecraft Grouping 

Midinclination 

Diameter 

Polar 

Length 

Planetary 

Weight 

Spacecraft Requiring Two Flights 

Tug Length 

Rick Stages Required 


Total Shuttle Flights for 


100% Capture 
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1 . Ik quantifiable Criteria - Valid assessment of Tug concepts 
also required detailed inspection of system and subsystem elements 
based on unquantifiable criteria in Fig. 2.3-3 to establish the 
real worth of each candidate Tug configuration. 

Each element within a subsystem was examined for merit against 
unquantifiable criteria. The actual analysis was performed in 
three steps. The first was at the level of detail necessary to 
identify which of the subsystem/system elements was affected by 
each particular item of the unquantifiable criteria. The fre- 
quency a given subsystem served as a discriminator is indicated 
in Fig. 2.3-3. 

The second step was a detailed analysis of each candidate with 
regard to areas identified by the discriminators. The results 
of this analysis were compared to other candidates within each 
subsystem for each Tug configuration, a rating from 1 to 10 was 
assigned and entered in a subsystem trade study matrix as shown 
in Fig. 2.3-4, as selection data. An example of the logic used 
in establishing the 1 to 10 rating for each subsystem is shown 
in Table 2.3-6. 

As a final step before selection, each Tug concept was evaluated 
for worth by relative weighting of the subsystem data in the 
Subsystem Trade Study Matrix anti displayed in the format shown 
in Fig. 2.3-5. The resulting scores, expressed relative to each 
other, were expressed ae "technical factors" ratings. 

2. 3. 3. 4 Trade Studies - In addition to evaluating Tug candidates 
against assessment and selection criteria, certain specific tech- 
nical trade-offs were performed to confirm assessment results. 

Some of the more significant results are shown below. 

a. Basic Vehicle Configuration Compai'ison - The results of this 
trade study indicated a preference for single-stage Tugs over 
multiple-stage. Table 2.3-7 compares the advantages and dis- 
advantages. 

b. Titanium versus Aluminum Tanks - It was determined that titanium 
tank material was preferred over aluminum because of: 

- High fracture toughness in welded areas (longer life, safer); 

■ \ . 

- Higher material toughness (more resistance to handling damage) ; 

- Easier welding in tHn gages; 

- Minimum gages for Tug comparable to minimum gages used on Titan. 
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Criteria 


Discriminators 



Matl 

Avionics 

| Performance Capability 

Abort 

■ ■ 

IMMM 

Reuse 

■■ 


On-Orbit Life 


E 
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Operational Complexity 

Shuttle Interface 


X 

Flight Staging 


X 
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X 
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X 

Ground Maintenance 


X 
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X 

Support Equip Req 


X 

Risk 

Schedule 

II 

mm 

Cost 

H 

■ 

Performance & Capability 

n 


Spacecraft Effects 

Tug Length 



Spacecraft Design Change 


X 

Evolution & Growth Capability 

Potential Growth 

II 

X 


Figwrm S.S-S Unquantif iab la AaemoBment and Si 
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ACPS Control 
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Sel ectlon 
Criteria 
\ 

Subsystem \ 

Description 

Reuse 

1 

0n-0rb1t Life . 

Guidance Accuracy 

Orb -ter Interface 

Flight Staging J 

Autonomy (Fit) 

> 

& 

•w 

I* 

1 

8 

< 

Ground Maintenance 

Ground Handling 

Support Equip Req 

Sched Risk 

Cost Risk 

Perf & Cap Risk 

Spacecraft Oesign Change 

Potential Growth 

Material 


Heavy At 

■ 

■ 


■ 

■ 


■ 

■ 

■ 

■ 

10 

10 

10 

■ 

■ 

Light Wt At 


■ 

■ 

■ 

■ 

■ 


■ 

■ 

■ 

8 

19 

(9 

i 

□ 

Ti 8 Composite 


■ 

■ 

■ 

■ 

■ 

■ 

r 

■ 

■ 

9 

10 

10 

■ 

■ 

Avionics 


AV-1 

10 

10 

10 

B3 

m 

El 

10 

n 

8 

8 

D 

a 

a 

7 

8 

8 

AV-4 

10 

10 

10 

10 


10 

10 

8 

8 

8 

a 

a 

7 

8 

8 

AV-3 

10 

10 

10 

10 

10 

10 

10 

8 

10 

9 

3 

3 

3 

10 

m 



SI 

S3 

■ 

m 

El 

S3 

m 

m 

n 

s 

H 

s 

m 

m 


Engines Rankings Based on 10 * Good 

Pressurization 1 * Poor 

ACPS 

Thermal Control 
Structural Concept 

Figure 2.3-4 Subsystem Trade-Study Summary Matrix 


f*Vfc*>* • . * • * * " ’ 

* Table 2~&-€ Example of Subsystem Rating Logic 


I Ground Handling ! 

Feed, Dusp, 6 Press. 
Candidates 

Matrix 

Value 

Trade-Off Considerations 

PR-l(-) 

S/S, teg He 

•'X.i •* 

PR-K4) . 

Dual-Stage. 'teg He 

10 

Propellant & commodity fill operation 
simplest. Simplest system to install. 

9 

Two systems for fill operation. 
Requires more installation time. 

PR-1 (5) * ‘ ' 

lV-Scage, leg He 

8 

Due to drop tanks, three systems 
require filling. Requires more 
installation time. 

PR-6(1) 

S/S, Cascade Press., 
Dedicated Cas 
Generator 

5 

Cryogenics handling, overall com- 
plxity, lengthened installation 
time, additional conmodity (LH^) 
requires added interface & new 
safety hazard. 
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Capability Option 3 Candidate Selection 


Selection Criteria 

Relative 

Weighting 

Factor 

Candidate Concepts 



1 m 

IMKIftl 

£022] 

(229 

igg 

1229 

|£2| 


|Q]jg 

I22B 

Performance & Capability 
Abort 

Reliability (Interim Stg) 
Number of Reuses 
On-Orbit Life 
Guidance Accuracy 

4 

10 

40 

7 

Hi 

3 

12 

10 

■ 

5 

10 

50 

10 

50 

5 

25 

10 

50 

S 

10 

E9 

10 

50 

10 

50 

10 

50 

5 

10 

50 

10 

50 

10 

50 

10 

50 

Operational Complexity 
Orblter Interface 
Flight Staging 
Autonomy (Flight) 
Autonomy (Development) 
Ground Maintainability 
Ground Handling 
Support Equip Req 

5 

10 

H 

8 

40 

6 

30 

10 

50 

5 

10 

50 

8 


7 

35 

Id 

50 

5 

5 

25 

5 

25 

5 

25 

6 

30 

5 

10 

50 

10 

50 

10 

50 

8 

40 

7 

10 

70 

8 

56 

9 

63 

9 

63 

6 

9 

54 

7 

42 

8 


10 

60 

6 

9 

54 

7 

42 

mm 

mm 

9 



54 

Risk 

Schedule 

Costs 

Performance & Capability 

9 

• 

81 

9 

HI 

9 

81 

H 

63 

9 

9 

81 

■1 

8 

72 

...8 . 

72 

8 

72 

9 

9 

!■ 

8 

72 

mm 

72 

8 

72 

Spacecraft Effect 
Tug Length 

Spacecraft Design Changes 

5 

9 

45 

5 

25 

8 

40 

9 

H 

5 

8 

40 

8 

40 

8 

40 

9 

•45 

Evolutionary & Growth Cap. 
Incorporated (Phased) 
Potential 




■ 


■ 




5 

9 

45 

9 

45 

9 

45 

8 

40 

TOTALS 

loot 

156 

916 

137 

808 

131 

786 

151 

874 

Technical 

Factors 

Score 


100 

i 

88 

86 

95 

Rating 


Good 

Poor 

Poor 

Fair 


Figure 2. 5-5 Example of Candidate 5a lection Matrix for Vnquantifiable Factors 
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Sinaia Staat : Two Staga Stnga-and-a-Half 

Simplest: daaifeh Each a tag# taquirea hlghar than Requires drop-tank staging 6 

...... 0.97 rallabillty separation mechanism 








q. OME versus Bell Engine - The OME is recommended over the 
Bell engine even though they are essentially equal in cost and 
performance because of: 

- More options (low-thrust mode, high-thrust mode, phase develop 
without concern for tank sizing to match different mixture 
ratio) ; 

- Lower thrust (step thrust not required); 

- Commonality with Shuttle; 

- Mo additional propellant logistics required (no silicon additives) . 

d. Solar-Array Power versus Batteries and Fuel Cells - It was 
determined that solar-array power was preferred over battery sys- 
tems and fuel cell systems because of: 

- Longer mission duration for equal weight; 

- Mo cryogenic servicing. 

2. 3. 3. 5 Selection Methods - The basic approach to selection of the 
preferred candidates in each capability option was to generate 
a tabular display of pertinent data about each configuration, and 
then to go through a deductive reasoning process to establish 
the most' desirable selection. Each configuration for which these 
data were generated met the imperatives criteria previously dis- 
cussed — each can meet mission objectives in a safe, reliable man- 
ner. The comparison that remained was in the areas of cost 
(development, investment, and operational) and technical margins. 

Development cost is seen as particularly critical for the Shuttle 
program because early-year funding will cause an undesirable peak 
in fiscal planning. Investment, the cost of producing the Tug 
fleet, tends to increase the peak early-year funding and is, 
therefore, also critical. Operations cost and total program cost 
were considered important, but their criticality was not as well 
-•^understood as early-year spending. 

^Technical margins are more subjective selection criteria than cost, 
, 3 .; Two basic thoughts are given weight. First, a performance margin 
desirable. The configuration performance descriptive data, 
it while consistent relative to each other, were not considered 
‘reliable in an absolute sense. Second, the technical factor rating 
(para 2 . 3. 3. 3) was considered a significant discriminator in cases 
in which cost and performance parameters were close. 
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Tables 2.3-8, 9, and 10 illustrate how the selection of configura- 
tion 1A2-8 was made for Capability Option 1,. First, as shown in 
Table 2.3-8, flight programs associated with each configuration 
as applied to the mission model for each capability option were 
developed. From this, fleet size, production and operation cost 
could be derived. The array of selection data for each configura- 
tion is summarised in Table 2.3-9. Basic selection data are 
shown above the double line, summary data about the flight pro- 
gram and selected transportation Indexes are shown below. The 
sequence of deductive logic leading to selection of Configuration 
1A2-8 is summarized in Table 2. 3-1(1. Similar selection data were 
developed and evaluated for each capability option and reported in 
Program. Concept Evaluation (Ref 5.5). 


Table 2.2-8 Example of Capability Option 1 l-fiesion Capture Summary 


Parameter 

tug Cast igurat loti Designator 





lA2~* 

* * K’**2 

:vt-2 

u.-*. 

142-1 

1A2-11 

1A3«1 

AvnlUkU speemcwmti l««th, H(a) 

12 (9<l) 

2fc (7,9> 

?t 

12 <M) 

32 (9.8) 

32 (9.8) 

32 (9,1) 

fissstitl — 17 tap. Ik (kg) 

6300 (285? } 

5400 (isun 

7 MO (1311) 

*530 «i?50) 

5100 (2404) 

3900 0 769) 

4WK) <21 M) 

Gaaetailanary ret taj v c lack stage, 

U U*> 

k ik 

57 A 

I/A 

I,A 

N/A 
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NM 

H/a 

Gwatstistarr ret cap w kick stage , lb (kg) 

K/A 


»/A 

t/a 4 

S/4 

5/A 

fames liana ry S/T cap. U (sg^ 

K/A 

57 A 

*//» 


K/A 

5 /A 

N/A 

**,< fkmis ruppe# 








SoMtazianary 

iic 
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r.r 

no 
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115 

m* 4 palar 
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115 

U3 
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115 

115 

113 

PUuatnry 


26 

22 

22 

20 

51 

20 

Tsui 
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245 
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250 

Sysctmlt raq 2 flighu aedh 

8 

io ! 

r i 

16 

10 

10 

10 

taukU kirk • cap* r*PfU*4 

■/* 
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P/5 
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5 /A 

H /A 

PaJklear Bhl isrsind 

4 

4 

A 

4 

4 

4 

4 

Jeltm 40-1 lapsleaP ^ 

It 

17 

It 

17 

17 

17 

17 

TbUl RUfkts Car 
IM eeptm 
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i- 

I?) 

2rt 

265 

776 

2 70 

ana Cap - Unary fapekUAcy 
tat Cap - festrtsnl Capability 
HTT Cap - kuMMf OpUliUy 
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■ Table 2. 3-9 .Example of Capability Option 1 Tug Candidate Comparison 


• 

i 

Ui-4 

mc-1 

m^z 

1A1-L 

1A2-1 

1A2-11 

IA3-1 

IptSBUfl Mlwry, imftlsntry, lb ikgl 

6300 <3U7) 

>600 (2140) 

?3oo am> 

* MO (1630) 

3)00 (2404) 

3900 (1769) 

4700 (2132) 


2*1.9 

238,6 

233,6 

2».i 

7)9.6 

231.6 

229,6 

Oaruam* fit 

109, / 

190.6 

3*0.0 

1C2.3 

100.2 

97,8 

101.3 

Ofiamcftana* fil 

266.4 

426,8 

276.7 

266.4 

266.4 

263.4 

266,4 

' r * 

0 .PM 
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1,^ 

0,669 

0,940 

0,926 

0.943 

mtnl prusw <mrn%..m „ 
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3605 


40t 

1)19 
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TArkalnl tec cars ; * 
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Coer 
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an. nk 1 Uf^W 
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23 

21 

23 

21 

21 

i 2) 

21 

Tefal cap coat, M 

5*8 

73« 
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H- 

336 

1 5)5 

3*2 

tarts ((/kg) Pal 

36,7 <15,31 

46.2 (101.9) 

44.7 CTA.St 

55.7 (122.8) 

43,2 (99,7) 

59,4 (131,0) 

48.9 (10? ,8} 

W *>1*4 <*/!*) eat 

— 

* — 

! — 

— 

— 

1 — 

... 

iemutb 6/24 (6/k*> Pel 

0.133(0.339) 

0,2)3(0.624?) 

C, 2*7(0, 32*> 


0. 177(0. 3«0) 

0,237(0,523) 

0,201(0,443) 

lean S/U (i/ta*) ret 

— 

— - 

|. — 

— 

— 

— 


(1m^ 4/14 > DCT4* Cle-LCk S/kg 
a iVtil 41 1 

37.3 (82,21 

[7.3,1 (it\: 

I)?.* a:. 5/ 

52.3 (115,8) 

*2,5 (9),?) 

55,0 (Ut, 3) 

46,1 (101,7) 




Table 2.2-10 Configuration Selection S unwary 

Capability Option 1 - 1979 Delivery Onlj 

Comparison - single-stage/ two-stage/ stage-and-a-half 

Early investment , total program ccst6, & technical factors indicate 
single-stage preferred 

Single-Stage Factors 

1A2-8 vs other single stages 

Best performing single-stage candidate; therefore least performance risk 
DDTSE & cost/f light same (within accuracy) 

Length is shortest 
IA2-11 

Battery power system limits mission to 2 days 
IA3-1 

Longer vehicle than 1A2-8 (engine), marginal thrust but lowest DDT&E option 
Conclusion - 1A2-8 Recommended 

High spacecraft capability, i.e,, largest performance margin & most 
mission flexibility 

Shortest vehicle 

Tite»*ium (preferred over aluminum) 

Lowest total program cost 
Other cost differences negligible 


2.3.4 Preferred Candidates 

Configurations selected as the best candidates to fulfill the 
requirements of the seven capability options (para 2. 3- 1.2) are 
shown in Table 2.3-11. Note that they are all single-stage con- 
figurations with Isolated tanks, and all feature titanium plus 
composite construction. The simplicity and inherent reliability and 
safety of this design overbalances the modest performance im- 
' f provements of more sophisticated stage arrangements. Titanium/ 

. composite structure improves performance with no operational 
V, penalty and with only minor development and build cost increase. 

Two engine selections are made: (1) an uprated OME for modest 

performance go-sls, early availability, and low development cost, 

(2) a new Class 1 engine for improvement performance with in- 
creased development cost. Also., two avionics configurations 
were selected: (1) an early technology level with delivery-only 
capability, and (2) a more advanced technology level with space- 
craft retrieval capability. 

' - [ 
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One of the contractor requirements at this juncture in the study 
was to recommend Tug family options that merited more in-depth 
study. The most important considerations were the: 

- Baseline Option 1, delivery-only case; 

- Effect of delayed IOC; 

- Effect of retrieval capability; 

- Effect of phased development; 

<7 

- Effect of minimum-development-cost selections; 

- Effect of direct development of advanced capability. 

The array of Tug family options in Table 2.3-12 illustrates these 
considerations, and was Martin Marietta's recommendation for 
further study. 

After evaluation oi contractor recommendations, NASA assigned 
Martin Marietta the following final options as the most significant 
for further study: 

- Final Option 1 - Minimum development cost with delivery-only 

capability. 

- Final Option 2 - Direct development of advanced capability with 

a later IOC, 

- Final Option 3 - Phase development 

- Final Option 3A - Same as Final Option 3, except with stage-and- 

- a-half vehicles. 

The detailed definition of these final options is in paragraph 2 A. 
Table 2.3-12 Recommended Tug Family Options for Further Study 


ttmtlr 

OptlM 
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IOC Date 

fcequ* reoenta 

Remark.- 
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U2-* * 0 

J979, Dlnei 

Delivery only 
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1963, Direct 

Delivery only 
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tion, ein funding, 1970 b 

* *h: /i 

> * •» l 
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1963, Direct 

Delivery 4 retrieve! 

Will ehov transportation 
coat of retrieval when 
compared to 2 

4,, v ' 

U2-« Co 4,3 ♦ KS 

53 : — 

Delivery in 1979 

Delivery i retrieval in 1983 

Will ehov phase develop- 
ment when compared to 1, 
3 6 6 
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1AH 4 IS 

1963, Direct 

Delivery onlv 

Lowest DDT4E option 
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1A2-4.3 ♦ IS 

1 

1983, Ditec: 

Delivery 4 retrieval 

Beat Tug configuration 
needed for phase develop- 
ment comparison 
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2.4 


PROGRAM DEFINITION 


In summary, this section discusses Space Tug requirements and se- 
lected Tug configurations for Final Options 1,2, 3 and 3A, which 
evolved from the original "seven capability options" or "7 Buckets" 
discussed in paragraph 2.3. 

2.4.1 Final Option 1 

2. 4. 1.1 Option Definition - The Final Option 1 space vehicle is 
a reusable direct-developed Tug with no built-in growth capabil- 
ity, designed for a maximum mission duration of 36-ht, and is 
scheduled for IOC in late December 1979 at ETR. Mission require- 
ments include delivery-only capability into the geostationary or- 
bit of currently designed expendable spacecraft, or multiples 
thereof, weighing 3500 lb (1588 kg) or less. 

2. 4. 1.2 Configuration - The selected space vehicle that meets 
Final Option 1 requirements is a reusable single-stage vehicle, 
designated Final Option 1, Interim Tug (IA3-2) . It is designed 
for a 36-hr maximum, delivery-only mission, and is capable of 
placing a 3800-lb (1724-kg) spacecraft in geostationary orbit. An 
inboard profile is shown in Fig. 2.4-1 and -2. 

On certain planetary missions, the Interim Tug is combined with 
one of three auxiliary kick-stage arrangements (para 2.2.11) : 
one with 7.0,000 lb (4536 kg) of propellants, one with 1500 lb 
(680.4 kg), or a combination of the two. In all cases, the kick 
stages are expended and the Tug is returned to the Orbiter. In 
addition, for some planetary missions, the Tug must also be expended, 
expended. 

The Interim Tug is direct-developed for IOC in late December 1979 
at ETR with no special built-in growth capabilities. It is ca- 
pable' of operating within the specified environment at Autonomy 
Level II and reliability of 0.97. There is no power furnished 
to the spacecraft. 

The vehicle is 27 ft 7 in. long (8.41 m) from the forward face of 
the separation module (not shown) to the aft end of the engine bell, 
frith a dry weight (Including 10% contingency) of 2886 lb (1309 kg) . 

The following paragraphs are brief descriptions of the integrated 
vehicle subsystems that make up the complete Interim Tug. Detailed 
subsystem descriptions are in paragraph 2.2. For clarification 
and continuity in this document, descriptions refer to previously 
assigned subsystem designators. 
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2 . A. 1.2.1 Structure - The Tug structure primarily comprises four 
elements: propellant tanks, engine compartment, forward equipment 

compartment, and spacecraft interface. 

The propellant tanks are isolated, titanium tanks (fuel forward) 
with /2 elliptical domes, designed for 57,000 lb (25,855 kg) 
of total propellants at a mixture ratio of 1.9. The tanks are 
joined by a skirt of composite honeycomb using graphite epoxy 
face sheets over an aluminum honeycomb core. Radial meteoroid 
shielding Is provided for the portion of each tank not covered 
by body structure. 

The engine compartment skirt is graphite epoxy over an aluminum 
honeycosfc core. The engine thrust cone is titanium. 

The forward equipment compartment skirt is aluminum skin-stringer 
construction. All structural ring frames, hard points, and 
splices are titanium. 

The spacecraft Interface Is a 10-ft (3.048-m) dla by 5-in. (12.7-cm) 
deep separation module containing separation ordnance aud the 
spacecraft deployment assembly. Paragraph 2.2.9 provides a de- 
tailed description of the module. 

2. 4. 1.2. 2 Thermal Control - The thermal control subsystem, desig- 
nated TB-5, is passive, using thermal paint and multilayer insula- 
tion. Special optical solar-reflector material is used at the 
avionics equipment compartment; radiation shields are applied at 
the ACTS thrusters; and heat pipes are used between the batteries 
and forward tank dome. Electric heaters are used for low- tem- 
perature-critical components . 

2. 4. 1.2. 3 Data Management - The data management subsystem uses a 
flexible signal interface (FSI) and consists of a central data 
processor, encrypter/decrypter unit (GFE) , branch boxes, and in- 
terconnecting cabling. The central processor contains units re- 
quired for general-purpose and command-data-timing-checkout (CDTC) 
processing and memory. 

2. 4. 1.2. 4 Guidance, Navigation, and Control - A star tracker 
and skewed redundant IMUs are used for guidance and navigation. 
Although the Tug is baselined at Autonomy Level II, addition of 
a horizon sensor .would permit upgrading to Autonomy Level I op- 
eration. A pair of electrically driven, tandem linear hydraulic 
actuators is used for pitch and yaw control in powered flight, 
with roll control obtained from the ACTS thrusters. Attitude in 
coast flight is controlled solely by the ACTS system. 
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2. 4. 1.2. 5 Communications - The all-S-Band communications subsystem 
consist* of high-gain antennas and global assemblies , a strip- 
line omnidirectional antenna, FM and FM transmitters, receivers, 
power amplifiers, a coupling and switching network and coaxial 
cable harness. 

2. 4. 1.2. 6 Instrumentation - The instrumentation subsystem is not 
separate but is integral with the FSI data management subsystem, 
with end-item instrumentation units (pressure transducers, tem- 
perature recording controllers, etc) provided by the applicable 
user and interfacing with applicable FSI branch circuits. 

2. 4. 1.2. 7 Electrical Power, Distribution, and Control - The 
Interim Tug electrical subsystem is battery powered by four 165-A-h 
main batteries and a 25-A-h auxiliary battery, and uses a two- 
wire positive and single-wire return distribution system with 
solid-state remote power controllers and relays. A compatible 
Interface with the Orbiter is provided. Ordnance squibs, deto- 
nating blocks, squib firing circuit (SFC) , and separation-module 
detonating cord are parts of the electrical power subsystem. 

The data management; guidance, navigation, and control; communi- 
cations; Instrumentation; and power subsystems comprise the Final 
Option 1 Tug Avionics system. This system is designated AV-9(4). 

2. A. 1.2. 8 Propulsion - The propulsion system consists of the 
main engine and auxiliary -control propulsion subsystems. 

The main engine (GFE) is derived from the OME and uprated to 150 P £ 

327-sec I (3207 N-s/kg), 7500-lb (33,362-N) thrust and a mix- 
sp 

ture ratio of 1.9. The main engine support subsystem, designated 
PR-1(2A), has a regulated helium-ambient-storage propellant pres- 
surization, feed, and dump system designed for vertical loading 
and horizontal or vertical dumping. The helium sphere is a com- 
posite material. 

The ACPS , designated ACPS-2(8A), consists of 16 thrusters (four 
modules) using a monopropellant (hydrazine) with a capability of 
62,500-lb-sec (278,014-N-s) impulse, and 3700-psig (2551-N/cm 2 ) 
helium 'as the pressurant . 

2.4^1 .2.9 Reliability - Interim Tug reliabilities meet or exceed 
the requirement of 0.97 for all geostationary missions. A de- 
tailed description of system and subsystem reliability is in 
Vol 5.0 of the Selected Option Data Dump (Ref 5.8). 
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2.4.1. 3 Mass Properties - Vehicle weights, centers of gravity, 
and moments of inertia are presented in detail in Vol 5.0 (Ref 
5.8). In summary, Interim Tug weights and center-of-gravlty travel 
are: 


Weight Summary 

Weight, 


Item 

lb 

kfi 

Tug dry weight 4- 10% contingency 

2,886 

1,309 

Structure 

1,044 

473.6 

Thermal control 

101 

45.8 

Avionics 

702 

318.4 

Propulsion 

777 

352.4 

Unusable propellants 

218 

98.9 

Burn-out weight 

3,104 

1,408 

Honimpulsive expendables 

75 

34.02 

Propellants (usable) 

57,023 

25,865 

First-ignition weight 

60,202 

27,307 

Shuttle interface accommodations 

MAO 

748.4 


Tug mass fraction 0.948 


b. Center-of-Gravity Travel - Center-of-gravity travel with a 
typical 3500-lb (1588-kg) 25-ft (7.62-m) spacecraft attached re- 
mains' well within the allowable Shuttle payload eg envelope. 
Longitudinal and vertical centers of gravity versus allowable 
eve lope are shown in Fig. 2.4-3 and -4, respectively. The lateral 
falls within 3/4 in. (1.91 etc) of the Shuttle payload-bay center- 
line. 

2. 4. 1.4 Mission Accomplishments - As used in this report, mis- 
sion accomplishments cover performance, capture summary, and an- 
nual flight summary — all with respect to the mission model. 

2. 4. 1.4 Performance - Performance capabilities of the Final 
Option 1 Interim Tug are shown in Fig. 2.4-5, with the space- 
craft weight plotted versus delta velocity. Performance to 
various orbital inclinations is shown, as well as performance 
for the. various modes previously discussed. Circles on the 
plot represent characteristics of the mission model spacecraft. 

The heavy concentration of points at the 14,000-fps (4267-m/s) 
velocity represents the geostationary/corridor. 
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2.4-t Final Option 1 Mission Model and Tug Performance 


2. 4. 1.4.2 100% Capture Summary - A total of 360 current-design 

expendable spacecraft must be accommodated by the mission model 
described for Final Option 1 (Vol 4.0 of Selected Option Data Dump, 
Ref 5.8).' Applicable mission category, spacecraft user, launch site, 
and number of spacecraft required by this mission model are: 


Mission Category 

Geostationary 

Midinclination 

Planetary 

Polar 

Totals 


User/Launch Site 


NASA 


POD 

WTR 

ETR 

WTR 

— 

123 

— 

— 

10 

48 

— 

30 

. — 

38 

— 

34 

38 

163 

82 


Total 

ETR Spacecraft 
59 182 

18 76 

30 
72 

77 360 


Ay employing the multiple spacecraft delivery capability, which 
is vithln the ground rules of the mission model assessment, the 
360 spacecraft can be delivered with 238 flights (100% capture). 
Flight modes for these 238 flights are: 



User 


Total 

Flight Modes 

NASA 

POD 

Flights 


Multiples 
Singles 
Kick stages 
Expended Tugs 
Totals 122 114 238 

The ten expended Tug modes and seven kick-stage modes are required 
to accomplish the more difficult planetary missions. All other 
flights are accomplished by the Tug alone, with the Tug returning 
to the Orb iter. 


58 

39 

97 

49 

75 

124 

7 

— 

7 

10 

-- 

10 


2. 4. 1.4. 3 Programmatic Flight Summary - Figure 2.4-6 summarizes 
Tug flights by year and launch site for programmatic considera- 
tions. The number of flights in the first year is limited to 
three by Shuttle availability. Three additional launches are in- 
cluded for reliability losses. This results in 227 flights for 
programmatic consideration compared to 238 flights required for 
100% capture. 















































2. 4. 1.5 Progranunatics 

2. 4. 1.5.1 HASA Progranunatics - Progranunatics data and results 
for Final Option 1 are summarized in Fig. 2.4-7. The program is 
based on completion of preliminary system and subsystem specifi- 
cations during Phase B and completion of supporting research and 
technology (SRT) tasks identified for this option in para 2.6 
before starting DDT&E. 
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Fig. 2.4-7 Final Option 1 Programma ti cs Summary 

Because no kick stages are required before 1982, basic engineer- 
ing is delayed until near completion of main-stage engineering. 
Production of main and kick stages is planned for concurrent com- 
pletion. 

The first Tug Is built during DDT&E, and the remaining 14 are built 
during production. Because an operational spacecraft is planned 
£or the first launch, the operations program starts two months 
before first launch. 
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Fifteen main stages and 11 expendable kick stages are used for 
227 flights. Ten main stages are expended and three are lost 
due to reliability problems. Shuttle availability limits the 
number of flights in 1980 to three. 

The Final Option 1 Tug program schedule and associated planning dis- 
cussion are in Vol 8.0, Sect. I, para 1.0, and Sect. II, para 7.0 
of Selected Option Data Dump (Ref 5.8). Detailed program cost data 
are in Vol 8, Sect. II, and the appendix to Vol 8.0. 

2. 4. 1.5. 2 IOC Sensitivity - An IOC sensitivity study was con- 
ducted in which IOC dates for ETR and WTR were delayed two years. 
Results are presented in Fig. 2.4-8. 



Fig. 2.4-8 Final Option 1 Cost Sensitivity and Funding 
hequirements for Dec 1881 IOC 


Delaying IOC two years reduces yearly peak funding requirements 
for BB2&E from $81. A million in FY 1977 to $60.0 million, in FY 
•1979, providing a "more reasonable funding distribution. Total 
• > DDT&E. costs are increased by $6.5 million due to the program 
stretch-out. 
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Additional details are presented in Vol 8.0, Sect II, para 8.0 

of the Delected Option Daza Zurzp (Ref 5 ,R), 

2. 4. 1.5. 3 POD Programmatics - The major Impact of DOD program- 
matics results from delaying the DOD production decision (DSARC 
III) until substantial operational test and evaluation (OT&E) 
data are available. This reduces potential modification require- 
ments during production and deployment phases and. provides opera- 
tions experience for projecting fleet size and operations program 
costs. However, this delays production expenditures, resulting 
in uneven funding distribution, ,r,s shown in Fig. 2.4-9. 



Fig. 2. 4-8 Final Option 1 Funding- Requirements for DOD 
Progrcomatics 


Assessment of DOD programmatics is summarized in paragraph 3.3. 
Schedule and cost data are presented in Vol' 8.0, para 12.0 of the 
Selected Option V~ta Dzerp (Ref 5.8); a comparison o f DOD and NASA 
schedules is presented in paragraph 1.0. 

2.4. 1.6 Sensitivity Studies - Only the. electrical-power-to- 
spacecraft sensitivity study was performed specifically for the 
Final Option 1 Interim Tug. As identified in Vol 5, Sect. II, of 
Selected Option Data Dierp (Ref 5.8), it was determined that effects 
of supplying 300 watts to the spacecraft would drive the Tug power 
systeu concept to solar arrays rather than the present battery 
power system, and would result in a spacecraft penalty of 425 lb 
(193 kg). 
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2.4.2 Final Option 2 

2. 4. 2.1 Op tion D efinition - The Filial Option 2 spa £<8 vehicle is 
similar to Final’ Option 1 only in that it is also a reusable direct- 
developed Tug. The Final Option 2 vehicle, Assigned for a maximum 
mission duration of 7 days, contains built-in growth capability 

for retrieval as well as delivery-only missions, and is scheduled, 
for IOC in late December 1983 at ETR. Final Option 2 mission re- 
quirements Include delivery-only capability of 3500 lb (1588 kg) 
or less, and a retrieval capability up to 3500 lb (1588 kg). 

2. 4. 2. 2 Configuration - A reusable single-stage space vehicle 
designated Final Option 2, Direct-Developed Tug-Delivery (1A2-4)/ 
Retrieval (1A2-3) was selected to meet Final Option 2 requirements. 
It is designed for 7-day delivery-only miss ices, accompanied by 
kits designed to permit delivery/retrieval missions and delayed 
retrieval flight mode (DRFM) missions. Basic geostationary orbit 
capabilities are: 

Delivery only (IA2-4) 6000 lb (2722 kg) 

Retrieval only (IA2-3) 1800 lb (816.5 kg) 

Retrieval only -DRFM (IA2-3) 3500 lb (1588 kg) 

For an expansion of Final Option 2 Tug performance and flight 
modes, ,ee Vol 5.0 of the Selected Option Data Dump (Ref 5.8) 

On certain planetary missions, the vehicle is combined with one 
of two -auxiliary kick-stage arrangements (para 2.2.11): one kick- 
stage-with 10,000 lb (4,536 kg, of propellants, or one that com- 
bines tlds vith a 1500- lb (680.4-kg) propellant kick stage. 

The basic vehicle is direct-developed for IOC in late December 
1983 at ETR. It is capable of operating within the specified 
environment at Autonomy Level II and reliability of 0.97. 

* . v h •-» * 

The delivery-only vehicle (Fig. 2.4-10 and -11) has a length of 
27 ft 4 in. (8.33 m) from the forward face of the separation 
module (not shown) to the aft end of the engine bell, and has a 
dry Weight (Including 10% contingency) of 2750 lb (1247 kg). 

For the retrieval mode, the configuration shown in Fig. 2.4-10 
and 7II is 28 ft 8 in. (8.74 m) from the forward face of the 
docking mechanism (not shown) to the aft end of the engine bell. 

It" has '.'a dry weight (including 10% contingency) of 298? lb (13S3)kg) 

The following paragraphs are brief descriptions of the integrated 
vehicle subsystems that make up the complete Final Option 2 Tug. 
Detailed subsystem descriptions are in paragraph 2.2. For clari- 
fication and continuity in this document, the following descrip- 
tions refer to previously assigned subsystem designators. 
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2. 4. 2. 2.1 Structure - The Tug structure primarily comprises four 

elements: propellent tankage, engine compartment, forward equip- 

ment compartment, and spacecraft interface. 

The propellant tanks are isolated, titanium tanks (fuel forward) 
with /2 elliptical domes, designed for 60,000 lb (27,216 kg) of 
total propellants at a mixture ratio of 1.9. The tanks are joined 
by a skirt of composite honeycomb using graphite epoxy face sheets 
over an aluminum honeycomb core. Radial meteoroid shielding is 
provided for the portion of each tank not covered by the body 
structure. 

• 

The engine compartment skirt is graphite epoxy over an aluminum 
honeycomb core. The engine thrust cone is titanium. 

The forward equipment compartment skirt i6 aluminum skin-stringer 
construction. All structural ring frames, hard points, and splices 
are titanium. 

The spacecraft interface for the delivery-only mode is a 10-ft 
(3.048-m) dia by 5-in. (12,7-cm) deep separation module containing 
separation ordinance and the spacecraft deployment assembly. 
Paragraph 2.2.9 provides a detailed description of the modulq. The 
spacecraft -interface for the rendezvous and docking moo?, is a 10-ft 
(3.048-m) by 21-in. (53.34-cm) deep docking module containing the 
docking mechanism, scanning laser radar unit, and video subsystem. 
This unit also has spacecraft deployment capability for use in the 
delayed retrieval flight mode (DRFM) for deploying a replacement 
spacecraft. The docking module is discussed in detail in para- 
graph 2.2.10. 

2. 4. 2. 2. 2 Thermal Control - As in the Final Option 1 configuration, 
the thermal control subsystem, designated TH-5, is passive, using 
thermal paint and multilayer Insulation. Special optical solar- 
reflector material is used at the avionics equipment compartment; 
radiation shields are applied at the ACPo thrusters; and heat pipes 
are used between the batteries and f orward tank dome. Electric 
heaters are used for low-temperature-critical components. 

2. 4. 2. 2. 3 Data Management - The data management subsystem, common 
to all Tugs, uses a flexible signal interface (FS1) and consists 
of a central data processor, encrypter/decrypter unit (GFE) , 
branch boxes,' and interconnecting cabling. The central processor 
•contains limits required for general-purpose and command-data- 
tiroing-checkout (CDTC) processing and memory. 
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'2*4*2. 2. 4 Guidance, navigation, and Control - For tha dal i vary 
only capability, a atar tracker and skewed redundant IMUa are 
used for guidance and navigation. Rendezvous and docking capa- 
bility is achieved by adding a a canning laser radar (SLR) and 
video subsystem (mounted in the spacecraft interface rendezvous and 
docking module) . Although the Tug is baselined at Autonomy Level 
II, addition of a horizon sensor woold permit upgrading to Autono- 
my Level I operation. 

A pair of electrically driven; tandem linear hydraulic actuators la 
used for pitch andyaw control in powered flight, with roll control 
obtained from the ACPS thrusters. Attitude in- coast’ flight is con- 
trolled s^.ely by the ACPS. 

2. 4. 2. 2. 5 Communications - The all-S-band communications subsystem, 
common to all Tugs, consists of high-gain antennas and glmbal 
assemblies, a strip-line omnidirectional antenna, FM and PM 
transmitters, receivers, power amplifiers , a coupling and switch- 
ing network and coaxial cable harness. 

2. 4. 2. 2. 6 Instrumentation - The instrumentation subsystem is not 
separate but is Integral with the FSI data management subsystem, 
with end-item instrumentation units (pressure transducers , temper- 
ature recording controllers, etc) provided by the applicable user 
subsystem and interfacing with the applicable FSI branch circuit. 

2. 4. 2. 2. 7 Electrical Power, Distribution, and Control - The Final 
Option 2 Tug electrical power subsystem is a deployable solar-array/ 
Ag-Zn battery system consisting of redundant flexible roll-out/ 
retractor solar-panel assemblies attached to the vehicle by panel- 
orientation mechanisms with two-axis freedom, redundant charger/ 
load-regulator units, Ag-Zn 165-A-li main and 25-A-h auxiliary 
storage batteries, power d? cributors, wiring,’ and connectors. 

The distribution system uses a two-wire positive and single-wire 
return and has solid-state remote power controllers and relays. 

Solar panels and orientation assemblies are g-limlted and must 
be retracted during main-engine burns. 

In the delivery-only vehicle, ordnance squibs, detonating blocks, 
squib firing circuit (SFC) and separation-module detonating cord 
are parts of the electrical power subsystem. 

• w * 

The data management; guidance, navigation, and control; communi- 
cations: instrumentation; and power subsystems comprise the Final 
Option 2 Tug avionics system. The system for the delivery-only 
vehicle is designated AV-3. When rendezvous and docking capa- 
bility is added to the vehicle, the avionics designator becomes 
AV-2 (and the vehicle becomes the retrieval version) . 
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2. 4. 2. 2. 8 Propulsion - The propulsion subsystsm consists of the 
main engine and auxiliary-control propulsion subsystems. 

The main engine Is a new Class 1, 800-P engins (GFE) with 338- 

V 

sec 1^, (3315 N-s /kg) 12, 000- lb (53,379-N) thrust and a mixture 

ratio of 1.9. The main engine support system, designated PR-1 
(2B), has s regulated helium-ambient-storage propellant pressuri- 
zation, feed, and dupolng system that permits horizontal or ver- 
tical dumping * 

The ACPS, designated ACPS-2 (8C) for the delivery-only configura- 
tion, consists of 16 thrusters (four modules) using a^nonopro- 
pellant (hydrazine) with a capability of 62,500-lb-sec (278,014- 
N-a) impulse ^ and 3700-pslg (2551-N/cm 2 ) helium as the prea- 
surant. For rendezvous and docking, the system total Impulse Is 
increased to 125,000 lb-sec (556,028-N-s) by use of a larger 
tank, and is designated ACPS-2 (8B). 

2. 4. 2. 2. 9 Reliability - Final Option 2 Tug reliabilities meet or 
exceed the requirement of 0.97 for all missions, with or without 
kick stages. A detailed description of system and subsystem re- 
liability is in Vol 5.0 of the Selected Option Data Dump (Ref 5.8). 

2. 4. 2. 3 Mass Properties - Vehicle weights, centers of gravity, 
and moments of inertia are presented In detail in Vol 5.0 (ref- 
erenced above). In summary. Final Option 2 Tug weights and 
center-of-gravity travel are: 

a. Weight Summary 


* 

DeJlvery-Only Tug 

Retrieval Tug 

•• ■ 

Weight, 


Weight, 


Item 

lb 

kg _ 

lb 

kg 

Tug dry weight + 10% contingency 

2,750 

1,247 

2,982 

1,353 

Structure 

1,063 

482.2 

1,176 

533.4 

Thermal control 

101 

45.8 ' 

101 . 

45.8 

Avionics 

593 

269 

669 

303.4 

Propulsion-^'.'' 

743 

337 

765 

347 

Unusable propellants 

220 

99 

251 

113.8 

Burn-out >■ weight 

2,970 

1,347 

3,233 

1,466 

ifonimpulslve -expendables 

50 

22.7 

50 

22.7 

Propellants (usable) 

60,049 

27,238 

60,319 

27,360 

First-ignition weight 

63,069 

28,608 

63,602 

28,849 

Shuttle Interface accommodation 

1,650 

748.4 

1,650 

748.4 

Tug mass fraction 

0.953 


0.949 



*£■ 


■? 
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1. CeKzer-cf- Xi'x:i~y rVstv - - Center-of -gravity travel with a 
typical 3500-lb (1588-kg) 25-ft (7.62-a) spacecraft attached 
remains well within the allowable Shuttle payload eg envelope. 

The longitudinal and vertical centers of gravity versus allowable 
envelope are shown in Fig, 2.4-3 and -4, respectively. The lateral 
eg falls within ^'4 in. (1.91 cm) of the Orbiter payload-bay 
centerline. 

2. 4. 2. 4 Mission Accomplishments - As used in this report, mission 
accomplishments cover performance , capture summary , and annual 
flight summary — all with respect to the mission model. 

2. 4. 2. 4.1 Performance - Performancfe capabilities of the Final 
Option 2 delivery and retrieval Tugs are shown in Fig. 2.4-12, 
with spacecraft weight versus delta velocity. Performance to var- 
ious orbital inclinations is shown, as well as performance for 
the various nodes previously discussed. Circles on the plot 
represent characteristics of the mission model spacecraft. The 
heavy concentration of points at the 14,000-fps (4267 m/sec) 
velocity represents the geostationary cnrridnr 



Velocity above ShutUe'Park Orbit 1160- n-mi (2%. 3 -km I drctel 1000 fps (1000 mis) 


Fig. 2.4-12 Final Option 2 ffission Model and lug Pei'jorrncnce 

2. 4. 2. 4.2 100Z Capture Summary - ,A total of 437 spacecraft must 

be accommodated by the Final Option 2 mission model described in 
Vol 4.0 of the Selected Option Data Dierp (Ref 5.8). Final Option 
2 consists of both current-design expendable and low-cost reusable 
spacecraft, and involves spacecraft retrieval as well as delivery- 
only missions. Applicable mission category, spacecraft user,' launch 
site, and number of ' spacecraft required by the Final Option 2 
mission model are: 
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User/Launch 

Site 




NASA 


DOD 


Total 

Mission Category 

WTR 

ETR 

WTR 

ETR Spacecraf t 

Geostationary - Delivery 

— 

75 

— 

41 

116 

Retrieval 

— 

56 

— 

35 

91 

Midinclination - Delivery 


6 

55 


61 

Retrieval 

— 

4 

43 

— 

47 

Planetary - Delivery 

-- 

25 

— 

— 

25 

Retrieval 

* 


— 

— 

— 

Polar - Delivery 

30 

— 

26 


26 

Retrieval 

30 

— 

11 


41 

Totals 

60 

166 

135 

76 

437 

Use of the delayed retrieval 

flight mode 

(DRFM) 

is 

required for 


retrieval of certain geostationary spacecraft. The DRFM is re- 
quired for 30 of the 56 NASA and 16 of the 35 DOD spacecraft. 

By employing the multiple spacecraft delivery capability, which 
is within the ground rules of the mission model assessment,' the 
437 spacecraft can be accommodated with 293 flights (100% capture). 



Flight modes that make 

up these 
User 

are : 

Total 


Flight Modes 

NASA 

DOD 

Flights 


Delivery , „ 

75 

39 

114 


Kick' stages 

(7) 

— 

— 


Expended Tug 

(8) 

— 

— 

•< * 

Retrieval * " 

. ' '''**&£*■ ' 

90 

89 

179 

Vr.-; 

Totals, • 

165 

128 

293 


The weight expended Tug modes and seven kick-stage modes are re- 
.quired .to accomplish the more difficult planetary missions. All 
other lights are accomplished by the Tug alo'ne, with the Tug 
returning to the Orbiter. 

Programmatic Fl i ght Summary - Figure 2.4-13 summarizes 
, ' by “year and launch site for programmatic considerations. 

' A buildup in launch rate and crew size at ETR and WTR is included; 
"v, -the rationale is presented in Vol 2.0, pages 2-128 through 2-131 
of the Selected Option Data Dump (Ref 5.8). Three additional 
launches are included for reliability losses. This results in 
254 flights for programmatic considerations compared to 293 flights 
required for 100% capture. 
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Fig. 2.4-13 Final Option 2 f-xr.-uaX Flight Sumaxy 


2. 4. 2. 5 P rogrammatics 

2. 4. 2. 5.1 N ASA Programmatics - Programatics data and results 
for Final Option 2 are summarized in Fig. 2.4-14, The program 
is based on completion of preliminary system and subsystem speci- 
fications during Phase B, and cocpletion of the supporting re- 
search and technology (SRT) tasks identified for this option in 
paragraph 2.6 before starting DDT&E. 
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Because no kick stages are required before 1986, basic engineering 
is delayed until near completion of main-stage engineering. Pro- 
duction of main and kick stages is planned for concurrent comple- 
tion. 

The first Tug is built during DDT&E, and the remaining 12 are 
built during production. Because an operation.. 1 spacecraft is 
planned for tlte first launch, the operations KifO- fc ram starts two 
months before first launch. 

Thirteen main stages and five expendable kick stages are used for 
254 flights. Six main stages are expended and three are lost due 
to reliability problems. Initial flight rate buildup is: 

1984 1985 

ETR 9 18 

WTR 6 13 

The Final Option 2 Tug program schedule and associated planning 
discussion are in Vol 8.0, Sect. 1, para 1.0, and Sect II, para 
7.0 of the Selected Option Lata Ltuxp (Ref 5.8). Detailed program 
cost data are in Vol 8.0, Sect. II, and in the appendix to Vol 8^0. 

2. 4. 2. 5. 2 I OC Se nsi tivit y - A special IOC sensitivity study was 
conducted in which tTie December 1983 IOC dates for ETR and WTR 
were retained, but DDT&E was started one year earlier. Results 
are presented in Fig. 2.4-15. 



Fig. 2.4-15 


Final Option 2 Special Cost Sensitivity ana Funding Reqnh\ '>v> 
Starting DDT&E One Tear Early 
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Starting DDT&E one year earlier reduces yearly peak funding re- 
qulrenents for DDT&E from $93.6 million in FY 1981 to $83.5 million; 
the total peak is reduced from $115.4 million in FY 1983 to $95.0 
million in FY 1984. This provides a more reasonable funding dis- 
tribution. Total DDT&E costs are increased by $7.5 million due 
to the program stretch-out. 

2. 4. 2. 5. 3 POD Programroatics - The major impact of DOD program- 
matics results from delaying the DOD production decision (DSARC 
III) until substantial operational test and evaluation (OT&E) 
data are available. This reduces potential modification require- 
ments during production and deployment phases and provides oper- 
ations experience for projecting fleet size and operations pro- 
gram costs. However, this delays production expenditures, 

’resulting In uneven funding distribution, as shown in Fig. 2.4-16. 



Assessment of DOD programmatics is summarized in paragraph 3.3. 
Schedule and cost data are presented in Vol 8.0, para 12.0 of 
the Selected. Option Data Dump , and a comparison of DOD and NASA 
schedules is presented in para 1.0. 

2.4„2.?6" Sen s itivity Studies - Ten sensitivities studies were 
' '• V; dixected. One was peculiar to Final Option 1 and discussed in 
'ip' 1 para r 2.4. 1 .6. The remaining nine — all presented in detail in 

Vol >5i<0. Sect. II of the Selected Option Data Dump (Ref 5.8) — 
are based on Final Option 2 but are also generally applicable to 
Final Option 3. They are briefly discussed in the following 
pages. 
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a. Autonomy Levels - The purpose of this study was to evaluate the 
effect of different Autonomy Levels (I, II, III and IV) on vehicle 
design and operations. Although the vehicle is Autonomy Level II, 
for this study, Level IV was used as a baseline. It was deter- 
mined that, unless the system was completely redesigned and opti- 
mized for Autonomy Level IV, there is no significant effect on 
either the vehicle or operations except for Level I, which imposes 
a performance penalty of 190 lb (86.2 kg) on delivery capability 

to geostationary orbit. 

b. 0.9? Reliability - This study evaluated the design impact of 
maintaining 0.97 reliability for missions of 168, 72, and 36 hr. 

It was determined that there is no impact delta and no reliability 
sensitivity. Fail-operate/f ail-safe requirements dictate that all 
redundancy provided for the 168-hr mission be retained for the 
two shorter missions. 

a. 30-day Servicing mission Sensitivity Study - This study was 
to determine subsystem impacts and resulting capability of per- 
forming a 30-day servicing mission. The mission definition was 
provided by the government, and the servicing mission payload 
considered was a servicing module (SM) and four space replaceable 
units (SRU), to be installed in four geostationary spacecraft. 

Two servicing modes were examined: Mode 1 expended the SRUs after 

each-satellite was serviced: Mode 2 returned the SRUs to the 
Orbiter so the payload up was :he same as the payload down. 

Assuming the SRUs were in the 140- to 500-lb (63.5 to 226.8-kg) 

■ range, it was concluded that the vehicle could perform the 30-day 
servicing at very little additional cost. 

d. DOD Communications - The Tug provides communications for both 
DOD ’and NASA. This study was to dc ermine the effect on Tug per- 
formance and cost if the DOD communications requirement were 
eliminated. It was determined that the effect would not be sig- 
nificant. 

V.’ Spacecraft Command 3 Control , and Checkout - Through the Tug 
, data management subsystem, command, control, and checkout capa- 
. • /pi ‘ ’|Jjl3tlty , _ i is - provided for the spacecraft. The study was to deter- 

'^^S^eXthe effect on the Tug if this capability were not required. 

£ * i T * * * £ 4 . V» '•» * • 

‘^Relative to the data management subsystem, the spacecraft was 
. r found' to be essentially no different fromany other user, and 
elimination of the spacecraft as a user would have no effect on 
Tug hardware, and very minor effect on Tug software. 
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f. Structural Design Life - The structural design life sensitivity 
study was based on analysis of only the stain propellant tanks, and 
was performed as the last step in an orderly and logical sequence 
of steps in the design of these tanks. The study was to determine 
the effect of increasing the design life from 20 reuses to 50 and 
100 . 

Since establishing the requirement for this study, the tanks have 
been redesigned using fail-leak/ fail -burst criteria. The redesign 
was analysed using a crack growth program to determine its life 
capability, which resulted in a capability of about 100 reuses. 
Although the analysis in this study is preliminary, it appears 
that there is no effect of increasing design life. 

g. Spin- Stabilized Spacecraft Deployment/Retrieval - This study 
was to determine the effect on vehicle performance if the space- 
craft spin/despin capability were removed. It was shown that 
its elimination provided a net delta spacecraft retrieval capa- 
bility of +75 lb {+34.02 kg). Thus, the effect on vehicle per- 
formance was insignificant. 

h. Rendezvous and Docking - This study evaluated the effect on 
vehicle performance and cost of providing rendezvous and docking 
capability. Basically, the study was performed by comparing 
the delivery-only vehicle with the retrieval vehicle. This 
involved documenting the differences in weight, cost, and risk 
between the relatively simple separation module and the more com- 
plex rendezvous 'and docking module. Resulting data revealed a 
heavy payload weight penalty [-1100 lb (-499 kg)] , high costs, 
and relatively high development risks. 

i. Engine Sensitivity Class I vs Class II - The Final Option 2 
engine now used is Class I. A sensitivity analysis was performed 
to determine the effect on performance, cost, schedule, and tech- 
nology of using a Class II engine instead. Engine performance 
used to compute vehicle capability for the geostationary mission 


is: 

Engine 

V 

■sec 

N-s/kg 

Height 

lb 



Thrust, 

lb 

N 

MR 

Class I 

• 338 

3315 

268 

121.6 

12,000 

53,379 

1.90 

Class II 

344 

3377 

261 

118.4 

12,000 

53,379 

2.05 
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The increase in retrieval capability with the Class II engine has 
a significant effect on total program cost. Examination of the 
mission model shows that approximately 50% of the retrieved space- 
craft weigh 2100 lb (952.5 kg). The Class II engine can perform 
these missions without resorting to delayed retrieval, as required 
for the Class I engine. The effect on total program cost is a 
reduction in Shuttle flights of approximately ten, or a total 
program savings of more than $100,000,000. 

Although the Class II engine does not appear to be attractive 
from a subsystem standpoint, b&serf on cost and performance whan 
compared to other engine candidates, it is an attractive option 
when total program costs are evaluated. However, due to the risk 
associated with obtaining Class II performance, the Class I engine 
is recommended. 
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2.4.3 Final Option 3 


2.4. 3.1 Option Definition - The Final Option 3 space vehicle is 
a reusable phase-developed Tug, designed for a maximum mission of 
seven-days. The design Includes growth potential from an Initial 
delivery only capability in 1979 to a delivery/retrieval capabil- 
ity in 1983. Final Option 3 mission requirements include delivery 
only of spacecraft weighing 3500 lb (1588 kg) or less, phased to a 
capability of retrieving payloads weighing up to 2200 lb (998 kg) . 

2.4. 3. 2 Configuration - The space vehicle selected for Final 
Option 3 is a reusable single-stage vehicle, designated Final 
Option 3 S Phased Tug-Initial (1A2-8) and Final Option 3, Phased 
Tug-Final Delivery' (IA2-4) /Retrieval (IA2-3) . It is designed for 
seven-day dexivery-only missions in 1979 (designated Phase Tug- 
Initial), accompanied by kits designed to permit delivery/retrieval 
and delayed retrieval flight mode (i)RFM) missions in 1983 (desig- 
nated Phased Tug-J inal) . The vehicle is capable of operating 
within the sped ' ’ v.c environment with Autonomy Level II and at a 
reliability of 0.97. Geostationary orbit capabilities are: 

Delivery only (IA2-8) 1979 4400 lb (1996 kg) 

Delivery only (IA2-4) 1983 6000 lb (2722 kg) 

Retrieval only (1A2-3) 1983 1800 lb (816.5 kg) 

Retrieval only— DRFM (IA2-3) 198? 2200 lb (998 kg) 

For ejgpansion of Final Option 3 Tug performance and flight modes, 

refer to Vol 5.0, Sect. II of the Selected Option Data Dump (Ref 

5.8). 

On certain planetary missions, the Final Option 3 Tug is combined 
with oe of three auxiliary kick-stage arrangements (para 2.2.11): 
one with 10,000 lb (4536 kg) of propellants, one with 1500 lb 
(680.4 kg), or a combination of the two. In all cases, kick stages 
are expended and the Tug returns to the Orbiter., 

The 1979 delivery-only vehicle (Phased Tug-Initial) shown in Fig. 

2.4- 17 and 2.4-18 is 28 ft 2 in. (8.59 m) long from the forward 
face of the separation module (not shown in figures) to the aft end 
of the engine bell, with a dry weight (including 10% contingency) of 
2934 lb (1331 kg) . 

• ■' ? ’ - . 

The 1983 delivery-only vehicle (Phases Tug-Final) shown in Fig. 

2.4- 19 and 2.4-20, is 27 ft 4 in. (8.33 m) long from the forward 
face of the separation module (not shown in figures) to the aft end 
of the engine bell, with a dry weight (including 10% contingency) of 
2750 lb (1247 kg). 
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The 1983 retrieval vehicle (Phased Tug-Final), is also shown in Fig. 
2.4-19 and 2.4-20, is 28 ft 8 in. (8.74 m) long from the forward 
face of the docking module (not shown) to the aft end of the engine 
bell, with a dry weight (including 10% contingency) of 2982 lb 
(1353 kg). 

The following paragraphs are brief descriptions of the Integrated 
vehicle subsystems that make up the complete Final Option 3 Tug. 
Detailed subsystem descriptions are in para 2.2. For clarifica- 
tion and continuity in this document, the following descriptions 
refer to previously assigned subsystem designators. 

2. 4. 3. 2.1 Structure - The Tug structure primarily comprises four 

elements: propellant tankage, engine compartment, forward equip- 

ment compartment, and spacecraft interface. The propellant tanks 
are isolated, titanium tanks (fuel forward) with /2~ elliptical domes, 
designed for 60,000 lb (27,216 kg) of total propellants at a mixture 
ratio of 1.9. The tanks are joined by a skirt of composite honey- 
comb using graphite epoxy face sheets over an aluminum honeycomb 
core. Radial meteoroid shielding is provided for the portion of 
each tank not covered by body structure. 

The engine compartment skirt is graphite epoxy over an aluminum 
honeycomb core. The engine thrust cone is titanium. 

The forward equipment compartment skirt is aluminum skin-stringer 
construction. All structural ring frames, hard points, and splices 
are titanium. 

The spacecraft interface for delivery-only (1979 and 1983) is a 10-ft 
(3.048-m) diameter -by 5-in. (12.7-cm) deep separation module con- 
taining separation ordnance and the spacecraft deployment assembly. 
Paragraph 2.2.9 provides a detailed description of the module. 

The spacecraft interface for retrieval is a 10-ft (3.048-m) dia by 
21-in. (53.34-cm) deep docking module containing the docking mech- 
anism, scanning laser radar unit, and video subsystem. This unit 
also has spacecraft delivery capability for use in the delayed 
retrieval mode (DRFM) for deploying a replacement spacecraft. , 
Paragraph 2.2.10 provides a detailed description of this module. 

2. 4. 3. 2. 2 Thermal Control -As in the Final Option 1 and 2 con- 
figurations, the thermal control subsystem, designated TH-5, is 
passive, using thermal paint and multilayer insulation. Special 
optical solar reflector material is used at the avionics equip- 
ment compartment; radiation shields are applied at the ACPS 
thrusters; and heat pipes are used between the batteries and for- 
ward tank dome. Electric heaters are used for low-temperature- 
critical components. 
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2. 4. 3. 2. 3 Data Management - The data management subsystem, common 
to all Tugs, uses a flexible signal Interface (FSI) and consists 
of a central data processor, encrypter/decrypter unit (GFE) , 
branch boxes, and interconnecting cabling. The central processor 
contains units required for general-purpose and command-data- 
timing- checkout (CDTC) processing and memory. 

2. 4. 3. 2. 4 Guidance, Navigation, and Control - For the 1979 de- 
livery-only capability, a star tracker and skewed redundant I MUs 
are used for guidance and navigation. In 1983, IMUs will be 
changed to lighter equipment . Rendezvous and docking capability 
is achieved by adding a scanning laser radar (SLR) and video sub- 
system (mounted In the docking module). 

Although the Tug is baselined at Autonomy Level II, addition of 
a horizon sensor would permit upgrading to Autonomy Level I op- 
eration. 

A pair of electrically driven, tandem linear hydraulic actuators 
is used for pitch and yaw control in powered flight, with roll 
control obtained from the ACPS thrusters. Attitude in coast 
flijght is controlled solely by the ACPS system. 

2.4 . j. 2.5 Communications - The all-S-band communications subsystem, 
common to all Tugs, consists of high-gain antennas and gimbal 
assenfc lies , a strip- line omnidirectional antenna, FM and PM trans- 
mitters, receivers, power amplifiers, a coupling and switching 
network and coaxial cable harness. 

2. 4. 3. 2. 6 Instrumentation - The Instrumentation subsystem is not 
separate, but is integral with the flexible signal interface (FSI) 
data management subsytem, with end-item instrumentation units (pres- 
sure transducers, temperature recording controllers, etc) provided 
by the 'applicable user subsystem and Interfacing with the appli- 
cable FSI branch circuit. 

2. 4. 3. 2. 7. Electrical Power, Distribution, and Control - The Final 
Option 3 Tug electrical power subsytem is a deployable solar-array/ 
Ag-Zn battery system, consisting of redundant flexible roll-out/ 
retractable solar-panel assemblies attached to the vehicle by 
panel-orientation mechanisms with two-axis freedom, redundant 
charger/load-regulator units, Ag-Zn 16 5- Ah main and 25-Ah auxil- 
iary storage batteries, power distributors, wiring, and connectors. 
The distribution system uses a two-wire positive and single-wire 
return and has solid-state remote power controllers and relays. 

A compatible interface with the Orbiter is provided. Solar pan- 
els and orientation assemblies are g-limited and must be retracted 
during main-engine burns. 
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In delivery-only vehicle*, ordnance squib*, detonating blocks, 
the squib firing circuit (SFC) and separation-module detonating 
cord are parts of the electrical power subsystem. 

The data management; guidance, navigation, and control; communi- 
cations; Instrumentation; and power subsystem comprise the Final 
Option 3 Tng avionics system. The system for the 1979 delivery- 
only vehicle is designated AV-1. The designator is changed to 
AV-3 in the 1983 delivery-only Tug when t;he lighter avionics equip- 
ment is Installed, and to AV-2 in the 1983 retrieval Tug when 
rendezvous and docking capability is added. 

2. 4. 3. 2. 8 Propulsion - The propulsion system consists of the 
main engine and auxiliary-control propulsion subsystems. 

For the delivery-only Initial Tug (1979) , the main engine (GFE) 

is derived from OME and uprated to 240 P , 330-sec I (3236-N-s/ 

c sp 

kg), 12,000 lb (53,379 N) thrust, and a mixture ratio of 1.9. 

For the delivery /retrieval Final Tug (1983) , the main engine is 

phased to a new Class I, 800 P engine (GFE) with 338-sec I 

c sp 

(3315-N-s/kg) , 12,000 lb (53,37? N) thrust and a mixture ratio of 
1.9. The main engine support system is the same for either main 
engine. The system, designated PR-1 (2B) , has a regulated hellum- 
ambient-storage propellant pressurization, feed, and dumping sys- 
tem that permits horizontal or vertical dumping. 

The 1979 Initial Tug ACPS, designated ACPS-2(8A) , consists of 16 
thrusters (four modules) using a monopropellant (hydrazine) with 
a capability of 62,500-lb-sec (278,014-N-s) impulse, and 3700- 

psig (2551-N/cm 2 ) helium as the pressurant. 

« .. 

In 1983, the ACPS for the delivery-only configuration, designated 
ACPS-2 (8C) , has a capability of 62,500-lb-sec (278,014-N-s) im- 
pulse. For the rendezvous and docking capability, the system 
total impulse is increased to 125,000 lb-sec (556,028 N-s) by 
the use of a larger tank, and is designated ACPS-2(8B). 

2. 4. 3. 2. 9 Reliability - Final Option 3 Tug reliabilities meet or 
exceed the requirement of 0.97 for all missions, with or without 
kick stages. A detailed description of system and subsystem reli- 

'atiiiity is in Vol 5.0 of the Selected Option Data Dump (Ref 5.8). 
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2.4. 3. 3 Mass Properties - Vehicle weights, centers of gravity, 
and noments of Inertia are presented in detail in Vol 5.0 of Ref 
5.8. In summary, the Option 3 Tug weights and the cents r-of- 
gravity travel are: 

a. Height Surjnary 



Weight, lb (kg) 




1979 Delivery- 

1983 Delivery- 

1983 Retrieval 

Item 

Only Tug 

Only Tug 

Tug 

Tug dry weight* 

2,934 ‘ 

2,750 

2,983 


(1.331) 

(1,247) 

(1.353) 

Structure 

1.063 

1,063 

1,176 


(482.2) 

(482.2) 

(533.4) 

Thermal control 

101 

101 

101 


(45.8) 

(45.8) 

(45.8) 

Avionics 

640 

593 

669 


(290.3) 

(269) 

(303.4) 

Propulsion 

863 

743 

765 


(391.5) 

(337) 

(347) 

Unusable Propellants 

225 

220 

251 


(102) 

(99.8) 

(113.8) 

Burn-out weight 

3,159 

2,970 

3,233 


(1.433) 

(1,347) 

(1,466) 

Nonimpulslve expendables 

75 

50 

50 


(34.02) 

(22.7) 

(22.7) 

Propellants (usable) 

60,019 

60,04a 

60,319 


(27,224) 

(27,238) 

(27,360) 

First-ignition weight 

63,253 

63,069 

03,602 


(28,691) 

(28,608) 

(28,849) 

Shuttle interface 

1,650 

1,650 

1,650 


(748.4) 

(748.4) 

(748.4) 

Tug mass fraction 

0.950 

0.953 

0.949 


♦Includes 10Z contingency. 


b. Center- of -Gravity Travel - Center-of-gravi ty travel with a 
typical 3500-lb (15 8 8 -kg) 25-ft (7.62-m) spacecraft attached re- 
mains -well within the allowable Shuttle payload eg envelope. The 
longitudinal and vertical centers of gravity versus allowable 
envelope are shown in Fig. 2.4-3 and -4. respectively. The lateral 
eg falls within 3/4 in. (1.91 cm) of the Shuttle payload-bay cen- 
terline. 
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2.4. 3. 4 M ission Accomplishments As used in this report, mis- 
sion accomplishments cover performance, capture summary, and an- 
nual flight summary — all with respect to the mission model. 

2. 4. 3. 4.1 Performance - Performance capabilities of the Final 
Option 3 delivery-only and delivery/retrieval Tugs are shown in 
Fig. 2.4-21, with spacecraft weight versus delta velocity. Perfor- 
mance to various orbital inclinations is shown, as well as per- 
formance for the various modes previously discussed. Circles on 
the plot represent characteristics of the mission model space- 
craft. The heavy concentration of points at the 14,000 fps 
(4267 m/s) velocity represents the geostationary corridor. 


Final Option 3 Mission Model Deliwr/Retrieve - Expendable 
and Reusable Spacecraft 


Spacecraft 
Weight 
tb (kg) 


6000 

5000 


(2722) 

122681 


3000 (13611 

2000 mi2) 

30004453.6) 
500 4226.8) 


Tug Configurations: 
Delivery-Only, 198C-1984 
,4400-46 (1996 kg) 

geostationary Delivery 


Deliwrt Retrieval, 1984-1990 

6000 fb (2722 kg) Geostationary Delivery 

1800 lb <816.5 kg) Geostationary Retrieval 


Expend Tug 


Tug 6 Kick Stage 
10)1.5 



(CL 61X1* 22) (L. f&M2. 44)0. 05 )3. 66N4 Hi M4 88) 5. 4?i46. 10* (6. /1 1(7. 32) 

Velocity above Shuttle Park Orbit 1160-rhfni (296.3-krn) drclel, 1000 fps (1000 m/s) 

Fig . 2.4-21 Final Option 3 Mission Model and Tug Performance 


2. 4. 3. 4 . 2 100% Capture Summary - A total of 558 spacecraft must 

be. accommodated by the Final Option 3 mission model described in 
Vol 4.0 of the Selected Option Data Dump (Ref 5.8), Final Option 
3 consists of both current-design expendable and low-cost' reusable 
- spacecraft, and requires spacecraft retrieval as well, as delivery- 
-*'? only missions.:* Applicable mission category, spacecraft user, 

■ ' launch site, -and. nunfoer.of spacecraft required by the Final Optica 
. .3 mission model are: 
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User/Launch Site/Spacecraft 



NASA 


DOD 



Total 

Mission Category 

WTR 

ETR 

WTR 

ETR 

Spacecraft 

Geostationary - Delivery 

— 

123 

„ 

59 

182 

- Retrieval 

— 

53 

— 

29 

82 

Midinclination - Delivery 

— 

10 

27 

66 

103 

- Retrieval 

— 

4 

— 

43 

47 

Planetary - Delivery 

— 

30 



— 

- Retrieval 

— 

" — 

— 


— 

Polar - Delivery 

38 

— 

34 


72 

- Retrieval 

30 

— 

12 

— 

42 

Totals 

68 

220 

73 

197 

558 

Use of the delayed retrieval 

flight mode 

(DRFM) 

is required for 


retrieval of certain geostationary spacecraft. The DRFM is re- 
quired for 27 of the 53 NASA and 10 of the 29 DOD spacecraft. 

By employing the multiple spacecraft delivery capability, which 
is within the ground rules of the mission model assessment , the 
558 spacecraft can be accommodated with 366 flights (100% capture) . 
Flight modes that make up these are: 


■ ■ 

User 


Total 

Flight Modes 

NASA 

DOD 

Flights 

Delivery 

115 

80 

195 

Rick stages 

(9) 

— 

— 

Expended Tugs 

.(8) 

— 

— 

Retrieval 

87 

84 

171 

Totals 

202 

164 

366 


The eight expended. Tug modes and nine kick-stage modes are re- 
quired to accomplish the more difficult planetary missions. All 
other flights are accomplished by the Tug alone, with th< Tug re- 
turning to the Orbiter. 

*2. 4.3.4. 3 ; Programmatic Flight Summary - Figure 2.4-22 summarizes 
Tug flights by year and launch site for programmatic considera- 
tioxis'.' The nutfcer of flights in the first year is limited to 
three by Shuttle availability. Four additional launches are 1 in- 
cluded for reliability losses. This results in 352 flights, for 
programmatic consideration compared to 366 flights required for 
100Z capture . 
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Fig. 2.4-22 Final Option 3 Annual Flight Summary 


2. 4. 3. 5 Programmatics 


2. 4. 3. 5., I NASA Pro gramma, tics - NASA prograiranatics data and re- 
sults for Final Option 3 are summarized in Fig. 2.4-23. The pro- 
gram is based on completion of preliminary system and subsystem 
specifications during Phase B, completion of supporting research 
and technology (SRT) tasks identified for Final Option 3 1979 IOC 
(Phased Tug-Initial) in para 2.6 before starting DDT&E, and com- 
pleting the Final Option 3, 1983 IOC (Phased Tug-Final) SRT tasks 
by October 1, 1978. 


Because no kick stages are required before 1982, basic engineer- 
ing is delayed until near completion of main-stage engineering 
for the Phased Tug-Initial configuration. 


The first Tug is built during DDT&E, and the remaining 15 are 
built during production. Production completion is controlled by 
delivery of the last Tug. Phased Tug-Final configuration changes 
will be developed in DDT&L and all delivered hardware will be 
built, during production. Because an operational spacecraft is 
planned Tor the first launch, the .operations program starts two 
months before first launch. 

'~Vf ■{£?’>•*> - 

Sixteen main stages and nine expendable ki' k stages are used for 
352 flights. Eight main stages are expended and four are lost 
due to reliability problems. Shuttle availability limits the num- 
ber of flights in 1980 to three. 
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The Final Option 3 Tug program schedule and associated planning 
discussion are in Vol 8.0, Sect. 1, para 1.0, and Sect. 11, 
para 7.0 of the Selected Option Data Dump (Ref 5.8). Detailed 
program cost data are in Vol 8.0, Sect. 11 and the appendix to 
Vol 8.0. 

2. 4. 3. 5. 2 IOC Sensitivity - An IOC sensitivity study was con- 
ducted in which IOC dates for ETR and VTR were delayed two years. 
Results are presented in Fig. 2.4-24. 



Fig . 2.4-24 Final. Option 3 Cost Sensitivity and Funding 
Requirements for Deo 1981 IOC 

Delaying IOC two years reduces yearly peak funding requirements 
for DDT&E from $90.8 million in FY 1977 to $68.0 million in FY 
1979, providing a more reasonable funding distribution. However, 
the IOC for the Phased Tug-Final is delayed two years, which ap- 
pears to be unnecessary. Total DDT&E costs are increased by $7.4 
million due to the program stretch-out . 

Additional details are presented in Vol 8.0, Sect. II, para 8.0 
of the, Sr lea ted Option Data Dump (Ref 5.8). 
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Additional IOC studies were conducted on Final Option 3 after 
the September data dump. Results are summarized in para 3.4 and 
3.5. 


2. 4. 3. 5. 3 POD Programmatics - The major impact of POD program- 
catics results from delaying the DOD production decision (DSARC 
111) until substantial operational test and evaluation (OT&E) 
data are available. This reduces potential modification require- 
ments during production and deployment phases and provides opera- 
tions experience for projecting fleet size and operations program 
costs. However, this delays production expenditures, resulting 
in uneven funding distribution, as, shown in Fig. 2.4-25. 



120 - 



Fig. 2.4-25 Final Option 3 Funding Requirements for DOD 

Progrcomatics 

Assessment of DOD programmatics is summarized in para 3.3. Sched- 
ule and cost data are presented in Vol 8.0, para 12.0 of the 
Selected Option Data Dump (Ref 5.8); a comparison of DOD and NASA 
schedules is presented in para 1.8. 

2.4. 3.6 Sensitivity Studies •- In addition to the sensitivity 
studies discussed in para 2. 4. 2. 6, one additional study was per- 
formed for Final Option 3: 







Engine Sensitivity to Kot Phasing Engines - For Final Option 3, 
the main engine is now shown phased from a 240-P^ OME to Class I. 

A sensitivity analysis was performed to determine the cost sav- 
ings to the Tug program of not phasing the engines. Engine per- 
formance used to compute vehicle capability for the geostationary 
mission in 1983 is: 


Engine 

sp* 

sec (N-sec/kg) 

Weight, 
lb (kg) 

Thrust, 
lb IK) 

MR 

Delivery , 
lb (kg) 

Retrieval 
lb (kg) 

OME 240 

330.3 

398 

' 12,000 

1.90 

4690 

1280 


(3239) 

(180.5) 

(53,379) 


(2127) 

(580.6) 

Class I 

338.0 

268 

12,000 

1.90 

6000 

1800 


(3315) 

(121.6) 

(53,379) 


(2722) 

(816.5) 

8096B-2 

332.1 

290 

12,187 

1.78 

5410 

1550 


(3257) 

(131.5) 

(53,760) 


(2454) 

(703.1) 


From a schedule standpoint, all three engines could be available 
in December 1979, and there are no significant differences in 
technology requirements. The cost saving is significant and 
varies from $42 to $78 million. For this reason, phasing the 
engine is not recommended. 

Further analysis was performed after the selected option data 
dump, taking capture analysis and total programmatics into con- 
sideration. Based on this study* the Class I engine was selected. 
Details are in para 3.0, Additional Analysis. 
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2 . A „ 4 Final Option 3A 


2. 4. 4.1 Option Definition - Final Option 3A space-vehicle defi- 
nition and mission requirements are the same as those for Final 
Option 3: a reusable-phase developed Tug, tesigned for a maximum 

mission duration of 7 days, with built-in growth for an initial 
1979 delivery-only capability of expendable spacecraft weighing 
3500 lb (1588 kg) or less phased to a capability of retrieving space' 
craft V7eighing up to 2200 lb (998 kg). 


2. 4. 4. 2 Configuration - The Final Option 3A Tug shown in Fig. 
2.4-26 and -27 # is a reusable one-and-a-half stage vehicle that 
uses expendable drop tanks, designated Final Option 3A Phased 
Tug-Initial (IVG-1) and Final Option 3A, Phased Tug-Final-Delivery 
(IV G-3) /Retrieval (IVG-2). The configurations are designed for 
a 7-day mission, with both spacecraft delivery and rendezvous and 
docking capability. The basic vehicle is phased developed from 
an ^'.Utial deliv ry-only capability in 1979 (designated Phased 
Tug-Initial) to a delivery/retrieval and delayed retrieval flight 
mode (DRFM) capability in 1983 (designated Phased Tug-Final). 

This Tug is capable of operating in the specified environment 
at Autonomy Level II and a reliability of 0.97. Vehicle geo- 
stationary orbit capabilities are: 


Delivery only (IVG-1) 1979 
Delivery only (IVG-3) 1983 
Retrieval only (IVG-2) 1983 
Retrieval only-DRFM (IVG-2) 


4900 lb (2223 kg) 
6500 lb (2948 kg) 
1900 lb (862 kg) 
1983 2200 lb (998 kg) 


For expansion of Final Option 3A Tug performance and flight modes, 
refer to Vol 5.0 .of the Selected Option Data Dump (Ref 5.8). 

On certain planetary missions, the Final Option 3A Tug is combined 
with one of three auxiliary kick-stage arrangements (para 2.2,11): 
one with 10,000 lb (4536 kg) of propellants, one with 1500 lb 
(680.4 kg), or a combination of the two. In all cases, kick 
stages are expended and the Tug returns to the Orbiter. 

The 1979 delivery-only vehicle (Phased Tug-Initiaf) is 23 ft 4 in. 
(7.11 m) from the forward face of the separation module (not shown 
in figures) to the aft end of the engine bell, and has a dry weight 
(including 10% contingency) of 2616 lb (1187 kg) for the core and 
1388 lb (630 kg) for the drop stage. 

The 1983 delivery-only vehicle (Phased Tug-Final) is 22 ft 6 in. 
(6.86 m) from the forward face of the separation module (not shown 
in figures) to the aft end of the engine bell, and has a dry weight 
(including 10% contingency) of 2432 lb (1103 kg) for the core and 
1388 lb (630 kg) for the drop stage. 
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OUM-tTY 



Front 



ig. 2.4-2? Final Option 3A Phased Tug Inboard End Views 


The 1983 retrieval vehicle (Phased Tug-Final) is 23 ft 10 in. 

(7.26 m) from the forward face of the docking mechanism (not shown 
in figures) to the aft end of the engine bell, and has a dry weight 
(including 10% contingency) of 2655 lb (1204 kg) for the core and 
1388 lb (630 kg) for the drop stage. 

The • allowing paragraphs are brief descriptions of the integrated 
vehicle subsystems that make up the complete Final Option 3A Tug. 
Detailed subsystem descriptions are in para 2,2. For clarification 
and continuity in this document, the following descriptions refer 
to previously assigned subsystem designators. 

2. A. 4. 2.1 Structure - The Tug structure primarily comprises five 
elements: core propellant tankage, drop tanks, engine compart- 

ment, forward equipment compartment, and spacecraft interface. 

The core propellant tanka are isolated, titanium tanks (fuel 
forward) with /2 elliptical domes, designed for 12,000 lb (5443 
kg) of propellants. 

The drop tanks are two pairs of side-by-side Isolated aluminum - 
tanks with hemispherical domes and thrust cones, designed for 
48,000 lb (21,772 kg) of total propellants. The propellant mix- 
ture ratio is 1.9. 

The forward skirt, engine compartment, and between-tank skirts are 
aluminum skin-stringer construction; the thrust structure is an 
aluminum cone. 

All structural ring frames, hard points, struts, and splic&s are 
aluminum. 

The drop-tank separation mechanism consists of four forward sep- 
aration-nut and spring-cartridge assemblies, four aft-tank strut 
separation nuts, and two aft inboard shear-key and ejection- 
spring-cartridge assemblies. 

The. spacecraft interface for delivery-only capability (1979 and 1983) 
is a 6-ft (1.829-m) dia by 5-in. (12.7-cm) deep separation module 
containing separation ordnance and the spacecraft deployment assembly 
V Paragraph .2.2.9 provides a detailed description of the .separation 
; module."' "*• 

v The spacecraft interface for retrieval is a 6-ft (1.829-m) dia by 
21-in. (53.34-cm) deep rendezvous and docking module containing 
tiH; docking mechanism, scanning laser radar unit, and video sub- 
system. The unit also has spacecraft deployment capability for use 
in the delayed retrieval flight mode (DRF1-1) for deploying a re- 
placement spacecraft. Paragraph 2.2.10 provides a detailed dess tip- 
tion of this docking module. 


Radial neteoroid shielding is provided for the portion of each core 
propellant tank not protected by body structure and for the core 
heliun hydrazine spheres. There is no shielding for the drop tanks 
or drop-tan»~ pressure spheres. 

2. 4. A. 2. 2 Thermal Contra? , - The thermal control subsystem, desig- 
nated TH-2(1), is passive, using thermal paint on both core 
structure and drop tanks and multilayer insulation fore and aft 
on the core only. Special optical solar-reflector material is 
used at the avionics equipment compartment; radiation shields 
are applied at the ACPS thrusters; and beat pipes are used 
between the batteries and forward tank dome. Electrical heaters 
are used for low-temperature-crltical components . 

2. 4. 4. 2. 3 Data Management - The data management subsystem, common 
to all Tugs, uses a flexible signal Interface (FSI) and consists 
of a central data processor, enerypter/decrypter unit (GFE) , 
branch boxes, and interconnecting cabling. The central processor 
contains units required for general-purpose and command-data- 

t imlng checkout (CDTC) processing and memory. 

2. 4. 4. 2. 4 Guidance. Navigation, and Control - For the 1979 
delivery-only capability, a star tracker and skewed redundant 
HMDs are used for guidance and navigation. In 1983, IMUs will 
be changed to lighter equipment. Rendezvous and docking capa- 
bility is achieved by addition of a scanning laser radar (SLR) 

and video subsystem (mounted in the spacecraft Interface rendezvous 
and docking module). 

Although the Tug Is baselined at Autonomy Level II, addition of 
a horizou sensor would permit upgrading to Autonomy Level I 
Operation. 

A pair- of electrically driven, tandem linear hydraulic actuators 
are used foi pitch and yaw control in powered flight, with roll 
control obtained from the ACPS thrusters. Attitude in coast 
flight Is controlled solely by the ACPS system. 

2.4.4. 2.3 Communications - The all-S-Band communications subsystem, 
comm to all Tugs, consists of high-gain antennas and global 
assemblies, a atrlp-llne omnidirectional antenna, FM and PM trans- 
mit tera, receivers ,* power amplifiers, a coupling and switching 
network and coaxial cable harness. 

. , f •»; .. » • • . 

2. 4. 4. 2. 6 Instrumentation - The Instrumentation subsystem is not 
separate, but Is Integral with the FSI data management subsystem, 
with the end-item instrumentation units (pressure transducers, ‘ 
temperature recording controllers, etc) provided by the appli- 
cable user subsystem and interfacing with the applicable FSI 
branch circuit. 
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2. 4. 4. 2. 7 Electrical Powtr, Dl«tributlon. and Control - The Final 
Option 3A Tug electrical power subsystem is a deployable solar-array/ 
Ag-Zn battery system consisting of redundant flexible roll-out/ 
retractable solar-panel assemblies attached to the vehicle by 
panel-orientation mechanisms with two-axis freedom, redundant 
charger/load regulator units, Ag-Zn 165-A-h main and 25-A-h 
auxiliary storage batteries, power distributors, wiring, and 
connectors. The distribution system uses a two-wire positive 

and single-wire return and has solid-state remote power control- 
lers and relays. Solar panels and. orientation assemblies arc g- 
limited and must be retracted during main -engine burns. 

In the delivery-only vehicles, spacecraft separation ordnance squibs ^ 
detonating blocks, squib firing circuit (SFC) and separation- 
module detonating cord are parts of the electrical power system, 
as are the ordnance and ordnance circuitry for drop-tank separa- 
tion in all configurations. 

The data management; guidance, navigation, and control; communi- 
cations , instrumentation; and power subsystems comprise the Final 
Option 3A Tug avionics system. , The system for the 1979 delivery- 
only vehicle is designated AV-1. The designator is changed to AV-3 
in the 1983 delivery-only Tug when lighter avionics equipment is 
installed, and to AV-2 in the 1983 retrieval Tug when the rendez- 
vous and docking capability is added. 

2. 4. 4. 2. 8 Propulsion - The propulsion subsystem consists of the main 
engine and auxiliary control propulsion subsystems (ACPS). 

For the 1979 delivery-only Tug, the main engine (GFE) is derived 

from OME and uprated to 240 P , 330 sec I (3236 kg), 12,000-lb 

c ®p 

(53,379-N) thrust, and a mixture ratio of 1.9. 

For the 1983 delivery/retrieval Tug, the main engine is phased to 
a new Class I, 800-P c engine (GFL) with 338 sec I (3315 H-sec/kg) , 

12,000-lb (53,379-N) thrust, and a mixture ratio of 1.9. 

The main engine support .system is the same for either main engine. 

The system, designated PR-1 (5A) , uses a regulated helium-ambient- 
storage propellant pressurization, feed, and dumping system that 
permits horizontal or vertical dumping-. 

.. -,k *+• *'*:*■ . ' ' 

' The core and drop tanks have independent pressurant systems and 
an interconnecting propellant fill, feed, and dump system with 
QD and umbilical disconnects. At drop- tank separation, the 
umbilicals are pyro technically actuated. 
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The 1979 ACPS, designated ACPS-2 (8A) , consists of 16 thrusters 
(four modules) using a monopropellant (hydrazine) with a capability 
of 62,500 lb-sec (278,014 N-aec) impulse, using 3700-pslg (2551- 
N/ccr) helium as the pressurant. 

In 1983, the ACPS for the delivery-only vehicle, designated ACPS- 
2 (8C) , has a capability of 62,500 lb-sec (278,014 N-sec) Impulse. 
For the retrieval vehicle, the system has more on-board hydrazine, 
provides a capability of 125,000-lb-sec (556,028-N-sec) impulse, 
and is designated ACPS-2 (8B) . 

2. 4. 4. 2. 9 Reliability - Final Option 3A Tug reliabilities meet 
or exceed the requirement of 0.97 for all missions, with or with- 
out kick stages. A detailed description of system and subsystem 
reliability is in Vol 5.0 of the Selected Option Data Dump (Ref 
5.8). 


2.4.4. 3. 3 Mass Properties - Vehicle weights, centers of gravity, 
and moments of inertia are presented in detail in Vol 5.0 (ref- 
erenced above). In summary, the Final Option 3A Tug weights and eg 
travel are: 

a. Weight Swrmary 


* 


Hen 

Tug Weight, 

Lb (kg) 





1979 Dellwry-Only 

1983 Delivery -Only 

1963 Retrieval 

Core 

Drop Tank 

Core 

Drop Tank 

Core 

Drop Tank 

Tug dry weight , „ 

2,616 

1,388 

2,432 

1,388 

2,655 

1,388 


(1,187) 

(630) 

(1,103) 

(630) 

(1,204) 

(630) 

Structure 

849 (385) 

879(399) 

849 (385) 

879(399) 

954 (433) 

879(399) 

Thermal control 

86 (39) 

0 

86 (39) 

0 

86 (39) 

0 

Avionics 

640 (290) 

40(18.1) 

593 (269) 

40(18.1) 

669 (303) 

40(18.1] 

Propulsion * 

803 (364) 

343(156) 

663 (310) 

343(156) 

705 (320) 

343(156) 

Unusable propellents 

94 

153 

B9 

153 

119 

153 


(42.6) 

(69.4) 

(40.4) 

(69.4) 

(54) 

(69.4) 

Bum-out ««elght 

2,710 

1,541 

2,521 

1.541 

2.774 

1,541 


(1,229) 

(699) 

(1,143) 

(699) 

(1.258) 

(699) 

lion inpul si ve expendables 

30 

45 

20 

45 

20 

45 


(13.6) 

(20.4) 

(9.1) 

(20.4) 

(9.1) 

(20.4) 

Propellants (usable) 

12,182 

47,820 

12,197 

47,820 

12,467 

47,820 


(5,525) 

m f m> * 

(5,532) 

(21,691) 

<5.655) 

(21,691) 

First-Ignition weight 

14,922 

49,406 

14,738 

49,406 

15, 'AM 

49,406 


(6,769) 

(22,410) 

(6,685) 

(2 1 ,410) 

(6,922) 

(22,410) 

Combined first -Ignition weight 

64,328 

64,144 

64,667 


(29,179) 

(29,0951 

(29,332) 

Shuttle interface ; 

1,850 

1,850 

1,850 

j ■ »;• *» 

(839) 

(83*> ; 

(839) 

Tug mass fmetins • •’ 

0.618 

0.969 

0.629 

* * * 

0.818 

0.969 

Combined was* fraction 


0.934 






0.934 

* Includes 10X contingency 











t 


b. Center-cf -Sraviiu Travel - Cente'r-of -gravity travel with a 
typical 3500-lb (1588-kg) 25-ft (7.62-m) spacecraft attached, 
remains well within the allowable Shuttle payload eg envelope. 

The longitudinal and vertical center of gravity versus allowable 
envelope are shown in Fig. 2.4-3 and -4, respectively. The 
lateral eg falls within 3/4 in. (.1.91 cm) of the Shuttle payload- 
bay centerline. 

2. 4. 4. 4 Mission Accomplishments - As used in this report, mission 
accomplishments cover performance, capture summary, and annual 
flight summary — all with respect to the mission model. 

2. 4. 4. 4.1 Performance - Performance capabilities of the Final 
Option 3A delivery-only and delivery/ retrieval Tugs are shown in 
Pig* 2 . 4 - 28 , with spacecraft weight plotted versus delta velocity. 
Performance to various orbital inclinations is shown, as well as 
performance for the various modes previously discussed. Circles 
on the plot represent characteristics of the mission model space- 
craft. The heavy concentration of points at the 14 ,000-fps 
(4267-m/6ec) velocity represents the geostationary corridor. 
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Fig. 2.4-28 Final Option 3A Mission Model and Tug Performance 

,.r i ' 

T ^^T4'y4 , J2" r ' -li)0% "Capture Summary - A total of 558 spacecraft must 


"■1>e accommodated by the Final Option 3A mission model described 
(Vol 4.0 of the Selected Option Data Dump (Ref 5.8). Final Option 
„ 3A consists of both current-design expendable and low-cost reusable 
spacecraft, and requires spacecraft retrieval as well as delivery- 
only missions. Applicable mission cateogry, spacecraft user, 
launch site, and number of spacecraft required by the Final Option 
3A mission model are: 
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Ueer/Launch Site 



NASA 

— , ■■ 

DOD 

i i 

Total 

Mission Category 

WTR 

ETR 

WTR 

ETR 

Spacecraft 

Geostationary - Delivery 

-- 

123 

— 

59 

182 

- Retrieval 

— * 

53 

— 

29 

82 

Midinclination - Delivery 

— 

10 

— 

93 

103 

- Retrieval 


4 

— 

43 

47 

Planetary - Delivery 


30 

— 

— 

30 

- Retrieval 

— 

— 

- — 

— 

— 

Polar - Delivery 

38 

-- 

34 

— 

72 

- Retrieval 

30 

— — — 

12 

n~_ 

42 

Totals 

68 

220 

46 

224 

558 

Use of the delayed retrieval 

flight mode 

(DRFM) 

' 16 

required for 

retrieval of certain geostationary 

spacecraft. 

The 

DRFM is re- 


qulred for 27 of the 53 NASA and 10 of the 29 DOD spacecraft. 

By employing th» i ) multiple spacecraft delivery capability, which 
is within the ground rules of the mission model assessment, the 
558 spacecraft can be accommodated with 357 flights (100% capture). 
Flight mode6 that make up these 357 flights are: 


• 

User 


Total 

Flight Mode 6 

NASA 

DOD 

Flights 

Delivery 

107 

79 

186 

Kick stages 

(9) 

— 

— 

Expended Tugs 

(8) 

— 

— 

Retrieval 

87 

84 

171 


r T * 

■ ~ r 


Totals 

194 

163 

357 


The eight expended Tug modes and nine kick-stage modes are re- 
quired to accomplish the more difficult planetary missions. All 
other flights are accomplished by the Tug alone, with the Tug 
returning to the Orblter. / 

2.4.4. 4. 3 . 'Programmatic Flight Summary - Figure 2.4-29 summarizes 
Tug flights by year and launch site for programmatic considerations. 

The number of flights in the first year is limited to three by 
Shuttle availability. Four additional launches are included for 
reliability losses. This results in 344 flights for programmatic 
consideration compared to 357 flights required for 100% capture. 
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Launch Rate, Flights/Year 


20 

10 

0 

30 

20 

10 

0 


WTR 112 


i r 


32 


ETR 232 



44 


Total 344 


CY 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

Total 

WTR 

, 0 

0 

0 

14 

13 

14 

17 

14 

16 

12 

12 

112 

ETR 

3* 

13 

19 

13 

30 

i 24 

24 

26 

19 

27 

32 

232 

Total 

3* 

15 

19 

27 

43 

!' 38 

41 

40 

35 

39 

44 

344 


'Limited by Shuttle availability 


,Hg. 2.4 -29 Final Option 3A Annual Flight Surmary 

liU.U'.b Programnatics - NASA propraiamatics data and results for 
Final Option 3A are summarized in Fig. 2.4-30. The program is 
based on completion of preliminary system and subsystem specifi- 
cations during Phase B, completion of supporting research and 
technology (SRT) tasks identified for Final Option 3A, 1979 IOC 
(Phased Tug- Initial) in paragraph 2.6 before the start of DDT&E, 
and completing Final Option 3A, 1983 IOC (Phased Tug-Final) SRT 
tasks by October 1, 1978. 


*».* iu» 

v-, h r**: . A * 

* .*••* e&t - 
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Characteristics 


Schedule 


Vehicle: 

Stage -and -a -Ha If 

Dry Weight 4004-38204043 lb (1816-1733/1834 kgl 
Spacecraft Cap: 4900 lb (2223 kgl del-6600 lb (2948 kgl 
del/5300 lb (2404 kg) del, 1900 lb (862 kg) retrieval 
Propulsion: High Pc OME— Class I 
Avionics: FSI; current IMU— lightweight IMU. SLR 
Power: 5olar array 

Structure: Isolated Ti tanks; Ti. A£ 6 composite body 
Thermal: Passive paint; MU; base heatshield 
Programtwatics : 

Phase Developed 

Launch Operations: 11 years 

Crew Size: 156 ETR ♦ 100 WIR * 256 total 

Number of Flights: 189 NASA + 155 000 • 344 total 

Fleet Size: 16 Tugs; 5 KS 10; 4 KS 1QI1.5; 292 drop tanks 



ATP IOC-ETR IOC-WTR IOC-ETR 6WTR 

•O O O -O phase . 

developed 

DDT&E 98.5 mo 


Prod 94 mo | 

Oper 13'4 mo * 

thru Dec ‘90 

CY 1 75 76 1 77 1 78 ! 79 1 80 81 82 83 1 84 | 85 86 

FY | 75 | 76 | 77 1 78 j 79 1 80 1 81 1 82 | 83 | 84 1 85 I 86 1 1 



Dollars, Millions « 

§ i i i f 



FY 

KS 

ia 

m 

E 

n 

1 

m 

m 

n 

m 

m 

n 

DDT&E 

mi 

EEQ 

m 

m 

m 

bb 

m 

in 

ED 

m 

ED 

Ea 

Prod 

LZ 



E3 

E3 

ns 

m 

m 

m 

mi 

m 

lEia 

Oper 

■1 




17 

35 

59 

88 

ED 

is 


m 

Total 

mi 

m 

BO 

m 

m 



Fig. 2.4-30 Final Option 3k Proararmatics . Summary 




2-165 










Because no kick stages are required before 1982 , basic engineering 
i6 delayed until near completion of main-stage engineering for the 
Phased Tug-Initial configuration. 

The first Tug is built during DDT&E, and the remaining 15 are 
built during production. Production completion is controlled by 
drop-tank build. The Phased Tug Final configuration changes will 
be developed in DOT&E and all delivered hardware will be built 
during production. 

Because an operational spacecraft is planned for the first launch, 
the operations program starts two months before first launch. 
Sixteen main stages, nine expendable kick stages, and 292 ex- 
pendable drop tanks are used for 344 flights. Eight main stages 
are expended and four are lost due to reliability problems. 

Shuttle availability limits the number of flights in 1980 to 
three. 

The Final Option 3A Tug program schedule and associated planning 
discussion is in Vol 8.0, Section I, para 1.0, and Section II, 
para 7.0 of the Selected Option Data Dump (Ref 5.8). Detailed 
program cost data are in Vol 8.0, Section II and the appendix 
to Vol 8.0. 

2. 4. 4. 6 Sensitivity Studies - See paragraphs 2. 4. 2. 6 and 2. 4. 3. 6. 


2.4.5 Final Option Configuration Summary 


Table 2.4-1 summarizes che selected Space Tug configurations, 
including their capability and subsystem make-up, for each of the 
four final options. System and subsystem designators, assigned 
during earlier phases of the Space Tug Study, are shown for con- 
tinuity and clarification. 

Because safety, ground operations, flight operations, and Orbiter 
interfaces are largely common to all final options, these are 
presented only once in para 2.5. 


Table 2.4-2 Final Option Configuration 

| I Final Option 














































SPECIAL EMPHASIS 


Safety, ground operations, flight operations and Orblter inter- 
faces are generally similar for each of the final operations de- 
scribed in Section 2.4; therefore, to avoid duplication, each is 
treated here as it relates to all final options. 

2.5.1 Safety 


2. 5. 1.1 Program Guidelines - The System Safety Program Guidelines 
established for the Space fug Systems Study (Storable) are con- 
sistent with Section V, Data Package t Space lug System Studies 
(Ref 5.12). Potentially hazardous situations were to be identi- 
fied for Tug configurations, including consideration of all mis- 
sion phases and Tug/Orbiter/apacecraft interactions. Hazard 
identification was goverened by a broad interpretation of the 
hazard definition of MIL-STD-882 (Ref 5.31) i.e . , "Any real or 
potential condition that can cause injury or death to personnel, 
or damage to or loss of equipment or property." Key considera- 
tions in eliminating or controlling hazardous situations were 

the hazard reduction precedence sequence of KHB 5300.4 (ID) (Ref 
5.21), design for minimum hazard, use safety devices, use warning 
devices, or develop special procedures. In practice, each iden- 
tified hazard is evaluated to obtain optimum safety consistent 
with Tug requirements. In addition to incorporating safety 
In addition to incorporating safety features in Tug configuration 
options, safety criteria and requirements were to be developed 
for plater program phases. 

2. 5. 1.2 Safety Approach - The initial systems study safety 
approach (Task 2 and Task 3) consisted of applying the Data Pack- 
age , Space Tug System Studies , (Ref 5.12) to all areas of design 
and operational planning. System safety criteria in Ref 5.12 
were used as trade study drivers, aB appropriate. 

The approach for Final Options 1, 2, 3 and 3A in Task 5 included 
a formal system safety analysis, including potential hazard iden- 
tification, followed by analysis to establish the hazard level 
and control requirements. The analysis results are used to fur- 
ther reduce hazard levels. Hazard analysis is considered to have 
two levels: 1) hazard assessment or preliminary hazard analysis 

appropriate for a study phase; 2) a detailed analysis, an iterative 
process from early phases through • final design. Hazard levels 
were assigned to each hazard analyzed (catastrophic, critical, 
or controlled) in accordance with the definitions below. 
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"HAZARD LEVELS - A hazard whereby environment, personnel error, 
design characteristics, procedural deficiencies, or subsystem 
malfunction may result in loss of personnel capability or loss 
of system shall be categorized as follows: 

a. Catastrophic - No time or means are available for corrective 
action. 

b. Critical - May be counteracted by emergency action performed 
in a timely manner. 

c. Controlled - Has been counteracted by appropriate design, 
safety devices, alarm/caution and Vaming devices, or special 
automatic/manual procedures." 

All hazards that cannot be reduced to a "controlled" level are 
considered residual hazards and are tracked while effort continues 
to reduce the hazard level. The analysis further provides hazard 
control criteria/requirements for both design and operational 
planning. 

2.5.1. 3 Summary and Conclusions - Table 2.5-1 summarizes the 
Task 5 safety analysis for each final option and the kick stages. 
For further information and a detailed breakdown of this summary, 
see Vol 7.0 of the Selected Option Date Dump (Ref 5.8). 


Table 2.5-1 System Safety Summary 



Final Option 


Kick 

System Safety Activity 

1 

2 6 3 

3A 

Stegee 

POTENTIAL HAZARD IDENTIFICATION 
FMEA* 

Criticality 1 SFPe 

6 

6 

12 

2 

Criticality 2 SFPe 

26 

28/31 

*9/53 

4 

Ground Operations Analysis 
Catastrophic (Functions) 

8 

e 

B 

6 

Critical (Functions) 

32 

32 

32 

S 

Checklist Discrepancies 
- Systran Safety 

6 

6 

6 

0 

Operational Safety 

2 

2 

2 

— 

COMPOSITE HAZARDS LIST 
Potential Hazard Sourcas 

15 

15 

16 

9 

Hazardous Conditions 

17 

17 

18 

11 

hazard ASSESSMENT 
Catastrophic 

6 

6 

6 

3 

Critical 

15 

15 

15 

6 

DETAILED HAZARD ANALYSIS** 
Catastrophic 

2 

2 

2 

— 

Critical . 

6 

6 

6 

2 

Controlled * * * 

3 

3 

3 

— 

RESIDUAL HAZARDS . 

Ponding Detail Design i/or 
Procedures 

5 

F ! 

5 

5 

1 

Pending Disk Management Decision 

3 

3 

3 

1 


*Th« dual number of SFPe Indicates 'Delivery Only /Deli very- 
Retrieval.'’ 


**Ths hazard analyst* is a continuing iterative process through 
all program phases. 



The table indicates the number of potential hazards in each final 
option and results of the detailed hazards analysis. Residual 
hazards fall into two categories: 1) the majority are those that 

can normally be expected to be reduced to a controlled level by 
application of known detail design and/or procedural constraints, 
such as propellant system design and transfer procedures; 2) three 
residual hazards that require risk management decisions. Two of 
the latter, classified as critical, concern the use of a common 
pressurization source for fuel and oxidizer and the lack of ACPS 
propellant dump capability. The thisd, classified as catastrophic, 
concerns the unlikely simultaneous rupture of both propellant tanks 
during handling after loading. This hazard requires detailed 
handling equipment design, handling procedure verification, and 
acceptance by NASA. 

Of primary safety concern were the storable propellants, and the 
safety analysis focused on these to identify properties, history 
(tanks and pressure vessels on Titan 11/111), leak data, spill 
data, and other safety considerations. The long history of use 
and proven design and handling procedures leads to the conclusion 
that storable propellants can be used safely and effectively for 
the Tug. 

Another safety concern is the simultaneous dumping of propellants 
during ascent abort. To prevent a high-order propellant inter- 
action, simultaneous propellant dumping should be limited to 
above 150,000 feet (47,720 m). At or above that altitude, the 
interaction is at a very low order and is considered safe. 

Although there are potential hazards in the design concepts (as 
in all aerospace vehicle designs) they can be reduced to an ac- 
ceptable risk level. The preliminary system safety analysis, 
plus previous experience, provides the conclusion that final- 
option design concepts are safety manageable. 

2. 5. 1.4 Methods 

2. 5.1. 4.1 Task 2 Subsystem Analysis - As stated, the Task 2 
effort was not a formal safety analysis. However, the safety 
criteria In Bef 5.12 were applied to the subsystem selection 
and synthwriB process; e.g., the ACPS was design to be fail- 
opera tionaX/ fail-safe because of safety requirements, and all 
candidates not meeting this requirement were rejected. For 
further details, see page Ill-lOa of the Systems Detailed Assess- 
ment Briefing Addendum (Ref 5.6). 

2. 5. 1.4. 2 Task 5 Program Definition - Several analyses were 
performed to identify hazards, which were then subjected to 
hazards analyses to determine the criticality of each: 
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a. Failure Mode and Effects Analysis - Each subsystem was analyzed 

to Identify all Category 1 (crew hazard) single-failure point (SFP) 
and all Category 2 (mission hazard) Sf?e. Each SFP was identified 
as a potential hazard. 

b. Ground Operations and Maintenance Cask Analysis - Each ground 
operations and maintenance task was analyzed to define hazardous 
operations and determine the criticality of the hazards in ac- 
cordance with NHB 5300.4 (ID) (Ref 5.21). Each hazardous opera- 
tion identified was considered a potential hazard. 

c. System Safety Design Checklist - The eafety criteria of the 
6tudy Data Package (Ref 5.12), Sky lab design checklists (Ref 5.23), 
AFSC Design Handbook DH2 (Raf 5.32), t-ISC Space Flight Hazards 
Catalog MSC 00124 (Ref 5.22), and Martin Marietta experience were 
the basis for a Tug system design safety checklist given to sub- 
system designers to indicate compliance or noncompliance. All 
noncompliance responses were considered potential hazards. 

d. Operational Safety Checklist - The MAR Safety in Earth Orbit 

report (Ref 5.37) and Martin Marietta experience were the basis 
for a Tug system operational safety checklist given to operations 
and subsystem deeiss personnel to indicate compliance or noncom- 
pliance. All nonc^yliance responses were considered potential 
hazards. 

e. System Safety Evaluation - Each subsystem was independently 
examined by a systems safety engineer to identify potential 
hazards, using a hazard identification checklist (acceleration, 
chemical energy, contamination and potential hazards identified. 

f. Storable Propellant Evaluation - Proposed propellants were 
examined, their properties identified, their history (data from 
more than ten years of Titan experience) summarized, and tha 
safety concerns documented. 

All hazards identified by these analyses were entered in a po- 
tential hazard matrix (Table 2.5-2 is a sample.), which was the 
basis for the detailed hazard analyses. 

g. Detailed Hazard Analyses - These were performed to describe the 
hazards, identify potential effects, describe analysis assumptions, 
define hazard control requirements, and determine disposition of 
the hazard. (Table 2.5-3 is a single actual hazard analysis.) 

h. Hazard Catalog - A hazard catalog was prepared to identify and 

status the hazards analyzed. Hazard status categories are: elim- 

inated, residual, hazard level (per NHB 5300. 4(1D)), accepted (by 
NASA management) and open. Residual hazards are Individually cat- 
aloged, giving description and recommendation. Table 2.5-4 shows 
a hazard catalog hazards list and Table 2.5-5 is a single actual 
hazard catalog. Part II - residual hazards. 
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1.2.2 Fuel lank 
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u Sarpl* Hazard Analysie* 


SYSTEM: l - Main Propulsion 

SUBSYSTEM: Oxi<fl*.r, N,0 A 

OPERATION/PHASE; All j 

HAZARD CROUP: a-M.t.rl.1 P.t.rlor.tlon. 

14 -Toxicant 1 

REFERENCES: AFSC DH g.*, AFM 160-39. KSC CP-359 ! 

I “AZARD DESCRIPTION: 

, 


HAZARD LEVEL 


STATUS 

Omo . ... 

PROGRAM PHASE 

Systems Study 


NO. 

BWHH 

PAGE 


OATE 

8/15/73 | 


Nitrogen tetroxlda, N2°4» *• * corrosive, highly toxic oxidizing agent. U It non- 
f loanable Id air but support • combustion >nd it hypergollc with tht hydrazines. Tht 
baurdout effects rttult when it released by leaks or tpillt. 


POTENTIAL EFFECTS: 

1. Liquid nitrogen tetroxldt to contact with organic materials may cause fires. 

2. Vapors are extremely toxic to breathe, kv concentration that may be inhaled with* 

out U1 .comfort an c.u.tt ««rlou* jam to th« lunei. (CvmiBUtdfrfl FjLUJtl 

ASSIMPT 1 ONS/RAT IONALE : 

1. N 2 Q 4 proposed for use on the Space Ibg is designated MON-1 by MIL-P-26539C having a 
green color and la nominally 9911 0.8*0. 2% NO and 0.17% water. The material Is 

an equilibrium mixture of N 2 Q 4 and nitrogen dioxide (NOj). 

Nitrogen tetrcelde is not sensitive to mechanical shock, heat or detonation. 

Nitrogen tetroxlde Is soluble in water, forming nitric acid and nitrous acid. The 
latter decomposes to form additional nitric acid and evolves oxides or nitrogen. 

{Continued caPagfc.2) 


2 . 

3. 


HAZARD CONTROL REQUIREMENTS: 

A. Design 

1. Separate incompatible fluid systems to prevent inadvertent mixing 

2. Design adjacent incompatible systems so that it is impo ssible 
to interconnect them. 


REFERENCE 


3 . 

4. 

5 . 

6 . 

7. 


Hypergollc fuels shell not be separated by only e single veld. 
Inhibit N 2 O 4 with NO to prevent corrosion of titanium. 

Provide personnel showers and eye wash in propellant transfer 


DCL-53 

DCL-54 

DCL-57 

DCL-60 


area. 


Provide facility vapor burners for vapor disposal. 

Provide a separ'i* area (tank) for retention/neutralisation 
of waste oxidizer. 

(Continued on Page 3) 


DISPOSITION: 

1. Entered in Hazard Catalog* 


PRI 61 NATOR/LOCAT I ON : 

W. R* Q*Halioran. Ext. 4203 


e From Vol 7.0 Selected Option Data Darrp (Ref 5.8) 
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TabU L&-3 (oor.t) 


(LIST ADDITIONAL CONTENT IN THE ORDER OF SHEET 1) 

POTENTIAL EFFECTS : 

3. Nitrogen tetroxide con Cycling the skin causes severe burns. 

4. Nitrogen tetroxlde contacting the eyes nay cause permanent damage. 

5. Concentrated nitrogen tetroxlde vapor contacting the skin may cause bums. 

6 . Low concentration of vapor contacting the skin may cause a yellowing of the skin. 

9 

ASSUMPTIONS/RATIONALE : 


4. The physical properties of N 2 O 4 include: 


dolling point 70.1®F (21.2 c C) 

Freezing point 11.84®F (-11.2°C) 

Density at 68 *F (20°C) 12.08 lb/gal (1421 kg/o 3 ) 

Critical tenperature 316. 8*F (158. 2°C) 

Critical pressure 1655 pelg (1003 N/co 2 ) 

Vapor pressure et 90®F (32.2®C) 10 pelg (6.9 N/cnr) 

5. The Threshold Limit Value (TLV) for NO 2 has been established as 5.0 ppm. The 
TLV establishes the threshold limit for 8 hours per day, 5 days a week. 

Emergency tolerance limits established by the National Academy of Sciences, 

National Research Council Cfxnoittee on Toxicology, are: 

35 ppm for 5 minutes 
25 ppm for 15 minutes 
20 ppm for 30 minutes 
10 ppm for 60 minutes 

6. If a spill or leak occurs, vaporisation is dependent upon agitation, area wetted, 
ambient temperature, surface temperature and surface porosity. An evaporation 
rate of lOZ/min tor: N 2 Q 4 is considered realistic when a spill contacts solar 
heated surfaces with ambient air temperature above 90°F (32.2°C) 

7. The vapor dispersion pattern la dependent on surface and air temperature, wind 
direction and velocity and ground wind turbulence. A 30° (0. 523-rad) cone of dis- 
persion down wind from the source of a spill has been established based on experi- 
ments with atmospheric turbulent diffusion. Calculations of toxic vapor exposures 
can be made based on assumed conditions but the Weather Information Network Display 
(WIND) system should be employed for dispersion predictions. 

8 * Both 3 m table and fixed toxic vapor detectors are available that will sense 
concentrations of 5.0 ppm (TLV) and less. 

9. All known spills of propellants have been associated with malfunction of hardware 
in the operational mode or with personnel activity. Minor spills [50 gallons 
(0.189 »3) or less] have occurred In propellant holding areas, but no spills larger 
rhi pv the normal few cubic centimeters that are lost during umbilical disconnect 
.have occurred on launch pads. .Minor leaks of airborne hardware have occurred under 
long term static storage conditions. These leaks were discovered by periodic leak 
checks using a portable leak detector before hazardous concentrations were reached. 








Table l. !>-l (oonat) 




NO. 

1.001 Rl 

PAGE 

3 of 3 

DATE 

8/15/73 


(LIST ADDITIONAL CONTENT IN THE OROER OF SHEET 1) 

ASSUMPTIONS /RATI ONAI£ : 

10. Operating procedure* have been developed find «re In ut« on Tit ar II And TitAn III 
programs that control both vapor and liquid. Contingency procedures include 
neutralization of liquid waste using a sodium hydroxide solution. 

# 

11. Nitrogen tetroxlde has been used safely on the Titan II and Titan III programs 
by both MMC and USAF personnel. 

12. Detail designs and handling procedures can be developed to reduce the hasard 
level to Controlled. 

REQUIREMENTS: 

B. Operations 

1 . Provide protective clothing for propellant handling personnel. 

2. Propellant handlers will be trained and certified. 

3. Propellant handlers oust pass an annual propellant physical examination. 

4. Personnel required to be In the vicinity of contained N 2 O 4 will attend a 
propellant Indoctrination lecture annually. 

5. Define the propellant handling and loading plan. 

6 . Operations will be controlled by detailed procedures that have been approved 
by System Safety. 

7. Provide contingency plans to alert end/or evacuate unprotected personnel from 
areas subject to hazardous vapor concsnt rat ions. 


* , . .. . • v : ; ■■ 

* ,■■***■.' * ; 

K> . r 

* - f # * 7 
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r able £.5-4 Sample Hazard Catalog Part I, Hazards List * 


SECTIOM: i - rain propulsion PAGE: 1-1 


HAZARD 

NO, 

HAZARD 

o 

Si 

s 

ST 

wJ 

U) 

RESIDUAL 

HAZARD 

LEVEL 

ACCEPTED 

fi 

ft. 

O 

1.001 

Highly toxic, corrosive oxiditer , 

■ 

1.1 

Crit. 


X 

1.002 4 

Highly toxic, f laasaable /explosive^ fuel , MMH 

■ 

1.2 

Crit. 

! 

X 

1.003 

Propellant tank ullage overpressure curing 

■ 






preflight 






l.OOk 

fire /Exp lot Ion fro® both tanks rupture 

■ 

1.3 

Cat. 


X 

1.005 

Propellant contamination of Orb! ter Payload Bay 






1.006 

Ovcrpressurlzation of propellant tanks by 

X 






pressurization system 






1.007 

Pressurised Helium Sphere 


1.4 

Crit. 


X 

1.006 

Cocoon Pressure Source 


1.5 

Crit 


X 

2.001 

Highly toxic, f latmtable/explosivc monopropellant 


2. 1 

Crit, 


X 


«2 B 4 






2.002 

Pressurised Helium Sphere 


2.2 

Crit. 


X 

2.003 

ACPS propellant dump capability 

i 

1 


2.3 

Cat. 


X 

■* i 

* i 








* From Vol 7.0 Selected Option data Dump (Ref 5.8) 
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ACCEPTED 












Table 2.5-5 Hazard Catalog Part II * Residual Hazards* 


SYSTEM: I - Main Propulsion 

ITEM NO. 1,1 

SUBSYSTEM: Oxidirer^V^ 

HA7AR0 LEVEL Critic . 1 

COMPONENT: N/A _ 

DATE _ 8/1/73 

• 

HAZARD DESCRIPTION: 


Nitrogen Tetroxide, NjO^, is a corrosive, highly 
nonflammable in air but supports cosbustion and 
In contact with organic materials may cause 
akin and eye burns from liquid or vapor, and the 
breathing vapor. 

toxic oxidizing agent. It is 
is hypergolic with the hydrazines, 
fires. Health hazards include 
extreme toxic effects of 


RECOMMENDATION; 


L) Since has been used safely ca Titan II, Titan III, and Apollo, it is 

recoomcnded that N 2 O 4 be accepted as the Space Tug storable oxidizer. 

2) The hazard level will remain critical until hardware build and approved 
detail operating procedures demonstrate the hazard is controlled. 


DISPOSITION r 




* From Vol 7.0 Selected Option Data Dump (Ref 5.8) 
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2.5.2 Ground Operations - Ground operations consist of vehicle 
tests, fleet size determination, launch-site operations, logistics, 
facilities, ground -support equipment (GSE) , maintenance and re- 
furbishment, and manufacturing. These subjects are summarised 
In the following subsections. Details of these subjects are pre- 
sented in Vol 6.0, Sect. II, and Appendix of the Selected Option 
Data Dump (Ref. 5.8). 

2. 5.2.1 Ground Rules and Assumptions - Throughout the Space Tug 
Study, certain assumptions were made to accomplish the operations 
analyses and determine maintenance concepts and fabrication re- 
quirements in parallel with basic conceptual design and configura- 
tion definition. Conversely, requirements resulting from these 
disciplines were levied on the design to ensure testability, 
maintainability, and, most important, reuseabllity. 

1) Baseline Tug flows assume: 

(a) Propellant loaded off-pad; 

(b) Spacecraft/Tug mate accompli shad in Tug maintenance and 
checkout facility (MCF) ; 

(c) Tug/Orbiter mate accomplished in Orbiter MCF; 

(d) Tug/Orbiter separation subsequent to flight in Orbiter 
MCF. 

2) Total site operation planning at both KSC and WTR was based 
on maintaining the Tug refurbishment and prelaunch time, Mid 
adjusting crew and fleet size to accommodate the variation 
in launch rate for each final option. 

3) New Tug' acceptance will be accomplished in Denver. 

4) The expendable Tug in 1990 is the last Tug so that one of 
the active Tug fleet can he used. Therefore, the number of 
expendable Tugs built will be one less than expendable mis- 
sions. 

5) KSC and WTR operations will be based on five-day work weeks . 

. t.. The number of shifts per day will vary to meet program needs 

for each final option. 

6) No additional flights or Tugs will be considered as s result 
of Shuttle aborts, reflights, etc. 
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7) Tug flights will be limited by Orblter availability to no more 
than three in 19S0 and no more than 21 in 1981 (Final Options 
1, 3, and 3a). The build-up for Final Option 2 is assumed to 


be: 




Flights 

198ii 

1985 

1986 

KSC 

9 

18 

24 

WTR 

_6 

13 

17 

Total 

15 

31 

*1 . 


8) External Tug cleanliness will be class 100,000. 

9) The hypergollc loading facility will be shared with OMS. 

2. 5. 2. 2 Vehicle Test - Test methods growth, experienced during 
the last decade and extrapolation through the next two decades, 
Indicate, that cost effectiveness in testing with proper priorities, 
governed by mission criticalities, will be the driving factors. 

In long-duration many- flight programs like Tug, exhaustive testing 
of all components, systems, and end items could be performed 
regardless of. criticality. This would involve an extensive and 
costly test program. Instead, our approach to the Tug test pro- 
gram is to put the emphasis on two areas: 

1) Testing new conceptual -design and cew-technology hardware 
during early design phases; 

2) Testing for defects in manufacturing workmanship and testing 
for hardware infant mortality during the fllght-Tug production 
phase. 

Component development testing will be accomplished during the 
design phase to evaluate design feasibility and capability to 
accomplish its Intended function. These tests will be developed 
to Identify and solve potential and actual design problems during 
the hardware evolution phase. Development testing will consist 
primarily' of. extensive performance and limit testa plus selected 
environmental tests. Qualification testing will be performed on 
flight-configured components to environments greater than antici- 
pated during^a. mission in order to assure that the design and 
• fabrication < of : flight hardware are compatible with flight environ- 
ments greater than anticipated during a mission. 

The Tug development test program requires five separate test 
vehicles : 

1) Static Te6t Article - Static structure load, ground vibration 
survey, and other dynamic tests; 
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2) Thermal Effects Test Model - Thermal balance testa, main engine 
hot firing, and propulsion systems functional test; 

3) Propulsion Test Vehicle - Development propulsion-system flow 
performance, system compatibility hot firing, ACPS feed- 
system verification and hot firing; 

4) Controls Mockup - Electronic design confirmation and software 
development ; 

• 

5) Life Test Article - Demonstrate survivability, of tanks and 

major structure through repeated pressure and dynamic load 
cycles. ' 

Flight-vehicle testing will commence with the prototype vehicle 
and will be continued on each flight article. All acceptance 
testing will be conducted at the contractor's facility before 
shipment of Tugs to KSC or WTR. 

Prototype vehicle acceptance tests will include systems tests— 
an EMI/ EMC test to demonstrate electromagnetic compatibility with 
Orbiter payload requirements, and a thermal vacuum test closely 
approximating a typical mission environment, with margin. Flight- 
vehicle tests Include functional demonstration of Tug systems 
performance, including sensor acquisition tests, vehicle con- 
figuration verification to released engineering, and data review. 

2. 5. 2. "3 Fleet Size - Total fleet size is determined by three pri- 
macy factors as discussed in paragraph 2.1.2: 

• 1) Missions accomplished by expending Tugs; 

2) Tugs lost due to reliability /malfunction, or other reasons; 

3) Active Tugs required to accomplish the mission model in 1990. 

It is also based on the premise that the last expendable Tug is 
one of the active fleet units expended in late 1990. 

Other factors that were considered are yearly launch rates and 
nhaber of Tugs required for the first and subsequent years to 
. -accomplish the mission. These factors, though considered during 
" ’^fleet sizing, basically determine the production rate and number 
of Tugs required at each launch site at any specific time during 
the program. Considering this, plus the overall cost trade-off, 
and the fact that, in specific circumstances, it is more eco- 
nomical to expend a Tug than to accomplish the mission by other 
techniques, the Tug fleet was calculated to be: 
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Final Option 1-15 Tug*; 

Final Option 2-13 Tugs; 

Final Option 3 - 16 Tug*; 

Final Option 3A * 16 Tugs. 

The active fleet 1* defined a* the Tugs needed at any specific 
period to accomplish the mission model as it equates to launch 
rate. More specifically, in the c6ntext in which the active 
fleet is referred to here, it is the number of Tugs required to 
accomplish the 1990 mission model considering that, in 1990, all 
expendable Tugs and reliability losses will have been expended. 

Figure 2.5-1 is the result of active fleet size analysis using 
the Tug turn-around time defined in paragraph 2. 5. 2. 4— the typical 
Orbiter-Tug mission length of seven days and the point of payload 
integration and payload-Orbiter demate baselined at the Orblter 
checkout facility. 
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2. 5. 2. 4 Lau nch Site Operations - Launch site operations for the 
four final options are basically the sane, regardless of type of 
spacecraft or mission requirements, and there is very little effect 
when the subsystems are modified; i.e., the main engine is changed 
or the avionics is uprated from a "heavy” system to a lighter 
"state-of-the-art" system. Basic drivers for all operations are 
fleet size, launch rate, and location for various integration 
milestones; i.e., Tug-spececraf t mate, Tug-Orblter mate/demate, 
and propellant loading. Throughout analysis and costing of vari- 
ous options, a change of IOC was found to have minimal effect on 
ground operations. 

The pre-IOC operational plan for KSC and WTR will be accomplished 
in two phases, as shewn in F,'gure 2.5-2. Phase I is basic acti- 
vation of the facility and training of personnel; Phase II will 
process the first operational Tug through its normal functions. 


Phase 1 - Site Activation A Verification 
January 1979 

Weekt Q | 2 | 3 1 4 | 5 | 6 | 7 | 8 | 9 [10| 1 1| i2| 13 1 14 1 15 1 16 1 17 1 18 1 19 1 go| 21 (22)23 j,?4 |2S 1 26| 
r " 1 — l Crew Training 

) Safi ng & Purge Area SOP/ 

1 _ I. — — — 1 ICF/PPF sop 

I N I PLF SOP/ 

C, SS S3 Launch Complex SOP/ 

* i Personnel Certification 


Phase II Tug 1 
feeeks | 27)28129 1 3 0 1 31 


32|33j34|35|36|37|38{39l<0|4l|«|43|44|45|46 


47 48 49 


SO 51 


E 


Tug RAI & Subsystem Checkout ft I/F Verification 
Tu g CSX /DU 

I 1 'i Load/Unload Propellants 

O Purge/Safe Operation 

Orblter/Tug Hate A Checkout 
Pad Operations 


legend : 


Orblter Required 
Shuttle Required 


Recycle Tug for 
Flight Operations- 


System 6 Integrated Systems Checkout 
Propellant Loading & Spacecraft/Tug Mate 
Orblter/Tug Mate & Checkout 
=3 Shuttle/Orblter Mate & Checkout 
Pad Operations 


A Launch 


Pin. 2. <5-2 Pre-IOC Operations Plan 

. r^\ * *3 •'* 
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Launch-site ground turnaround-operations timelines are shown in 
Figure 2.5-3. Functions timelined are major elements of the Tug 
launch-site operation. Also included are top-level functional 

flow times, UBS Level 5 breakout, and tabulation by hour of the 

number and types of technical personnel needed for ground turn- 
around functions for one Tug. 

The figure shows that it requires 184 hours of Tug operation to 
turn one Tug around. This time was determined through a detailed 
analysis of functional activities required on the Tug, accessi- 
bility of Tug hardware for test. crew access, and its availability 
for simultaneous testing. Because of access limitations, an 
Increase in crew 6lze will not appreciably reduce the time re- 
quired. A reduction in crew size will increase the time but 

could cause an Increase in active Tug fleet size to meet launch- 

center requirements. 

Using this functional flow, personnel requirements data, and 
knowing the launch rate at each launch site, a basic test opera- 
tions crew size can be developed for each site. This crew/option 
matrix is shown in Table 2.5-6. 


Table 2.5-6 Crew Size Surmary 




Final Options 

*■ ■* ’ ** ^ 
• V 

*»«r ** * ■ r *•* 

1 

2 

3 

3A 


A 

KSC 

WTR 

KSC 

WTR 

KSC 

WTR 

KSC 

WTR 

First . 

Support 

24 

18 

24 

18 

24 

34 

24 

34 

Year- 

Test 

30 

30 

30 

30 

30 

52 

37 

66 


TOTAL 

54 

48 

54 

48 

54 

86 

61 

100 

Average 

Support 

44 

18 

44 

34 

44 

34 

44 

34 

2nd Year 

Test 

52 

30 

98 

52 

98 

52 

112 

66 

through 










1990 

tfa* * * 

TOTAL 

96 

48 

142 

86 

142 

86 

156 

100 


Because theoptimum checkout span has been found to be 184 hours 
* t * .for-thebaselined flow of the Tug, factors that most, affect crew 
. ^slze '«re <the ■ £ize of the active Tug fleet and the launch rate as 
ivjr-.it, varies -with each option. 
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Fig. 2.5-3 Space Tug Launch-Site Ground-Operations Timelines 
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2. 5.2. 5 Logistic* - Logistics support provides the systems and 
disciplines required to ensure integrated logistics throughout 
the program. Existing logistics systems, computer programs, and 
data products that have been proved on launch vehicles, Skylab, 
and Viking programs will be used to support the Tug. The logistics 
technical approach defined Is not sensitive to individual Tug 
configurations; however, costs associated with refurbishment, re- 
pair, spares, and transportation do vary, based on the design com- 
plexity of the different configurations, fleet size, and the num- 
ber of Tug missions. Variations in costs of logistics support 

for the different Tug configurations are reflected in the logistics, 
refurbishment and integration sections of the WBS (320-05/13/14). 

Elements Included In the overall logistics program are maintenance 
analysis, spares selection/management, Identification, development 
and conduct of the training program, and management of vendor doc- 
umentation. Primary documentation to ;be prepared will be opera- 
tions, maintenance, and handling manuals for the GSE, remove-and- 
replace procedures for Tug components, and transportation and 
handling plans for all program equipment. 

Spares required to support the Tug program for each of the four 
configurations have been identified and are based on anticipated 
Issue rate, repair ability, lead time to procure or repair, quan- 
tity per Tug, and cost. Major factors in determining spares 
were the concepts that: 

1) A repaired avionic component is considered to have zero 
operating time when it is put back in service. 

2) Propellant pressurization and mechanical components can be 
refurbished a specific number of times and are considered 

V..‘ to have zero operating time after refurbishment. 

2. 5. 2. 6 Facilities - Facilities required t,o support the Tug 
program can be grouped into two categories— ground test and 
launch operations. 

Ground test facilities Include all facilities and equipment 
necessary to build, assemble, and check out the Tug at tfre 
contractor's facility, and to perform required static and dy- 
namic testing of the vehicle and its related subsystems. These 
facility requirements are listed in Table 2.5-7 by specific 
buildings and areas, extent of modification required, and gen- 
eral elements of work to be performed in each. 

Facilities considered at launch sites are those required to ser- 
vice, maintain, launch, and recover the Tug. Also included at 
both areas are provisions for administration and logistics sup- 
port. Table 2.5-8 itemizes the major buildings and areas re- 
quired and the degree of modification anticipated to support the 
Tug program. 
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Text* 2. £-7 Denver and Off-Site Faeilitiee Flan 


Facilities 

Code 

Purpose 

Martin Marietta Denver 



la 

Engineering Materials Lab 

1 

Materials /comp teat A varlf 

2. 

Environmental Lab 

1 

Black box testing 

3. 

Structures Lab 

1 

tank/.eruetur*. (CVS) testing 

4. 

Leak Teat Facility 

1 

Tank mesa spectrometer He leak taat 

5. 

Space Simulation Lab 

1 

Thermal vacuum teat 

6.. 

Space Support Bldg Hi -Bay As ay 

2 

In-line -assembly tests 

7. 

Space Support Bldg Acxpt Teat Fee 

2 

Acceptanct tasting 

8. 

Controls Mock-Dp Laboratory 

2 

Guidance aye tarns taat/varif 

9. 

Cold Flow Laboratory 

1 

Propulsion sub A systems test 

10. 

Manufacturing 

X. 3, 4 

Tug A Tug struct component build 

11. 

EMF 

1 

Electronic component build A C/O 

12. 

Failure Analysis Lab 

1 

Analyse failures 

13. 

Space Operations Simulator Lab 

2 

Docking simulation 

14. 

Inertial Guidance Laboratory 

2 

Star tracker teat A varlf 

Off- 

-Site Teat Facilities 



i. 

White Sands Test Facility 




Engine Teat Facility 401 

1 

Hot angina firing 

2. 

Johnson Space Center 




Chamber A 

1 

Thermal vacuum A solar tasting 
(Final Option 3A only) 


Legend: 

1 Existing facility— little or no nod required 

2 Modify existing are#/ facility 

3 Sew facility required for Final Option 3A only 

4 Factory nod required for Final Option 3 A only 


Development testing 
Qualification testing 
Acceptance testing 



Table 2.6-6 KSC and WTH Facility Flan 


Facilities 


1. Maintenance 6 checkout facility 
(spacecraft processing facility) 


2. Propellant loading facility 

3. Saflng area , , 4 

•'V- 

4* Launch complex 

.. * , ■ -*■ t , 

?.^f***«*^ s ***;.*r 

5* Ordnance storage facility 

v : ; ■ ;-i- ■. * 

6. Orbiter sating facility 


Legend : * 

1 Existing facility required for Orbiter 

2 Existing facility nod 

3 Hew facUity 


Purpose 


Tug, checkout, spacecraft mate, 
storage maintenance & refurbish* 
sent, Class 100,000 cleanliness 
level 

Propellant & pressurente loading 
6 final leak teat 

Hanger for safing & deservlcing 
before removal 

Retractable clean room (Class 
100,000) on launch tower plus 
overhead cranes for Tug removal 
A replacement 

Handling & storage of kick-stage 
motors 

Tug-Orbiter mate A demate 


Use 


ESC WTR 






















2. 3. 2. 7 Ground Support Equpia«nt - GSE required to test and sup- 
port the Tug program from design development through last launch 
is itemized in Table 2.5-9. 


Table 2.5-9 Gvo und-S upport Equipment Summary 


GSE Type 

End Items* 
Final Options 

Total Units” 
Final Options 

1 2 3 3A 

1.2 3 3A 

Electronics 

Servicing 

Handling 

18 21 21 22 
18 18 18 18 
22 22 22 27 

53 88 91 94 

155 175 180 180 
147 138 163 211 

^Function of final option design 

^Funlition of final option fleet size and/or launch rate 


Electronic GSE makes maximum use of on-board functions for test 
and checkout of the Tug avionics subsystem, and of the three types 
of GSE, is most sensitive to Tug development. The design concept 
of electronic GSE has the flexibility for a phased growth to sup- 
port projected mission growth of delivery and/or retrieval. The 
design concept also envisions a ground computer test set common 
to the launch processing system (LPS) for use during factory 
acceptance. This approach will permit generation of compatible 
software for both factory and launch sites. 

Servicing GSE is totally Tug oriented. However, Tug servicing 
will be very similar to that for the QMS, and nearly Identical 
to that for the Titan Tran stage. As a result, a minimum of new 
design is required to have these items ready for production. 

When similar functions are being performed for the OMS, it is 
expected that identical GSE may be used with only an Interface 
kit added for adaptation to the Tug. More detailed scheduling 
may point out common use of specific items that could result in 
program cost savings. 

Handling GSE is completely new in design and will be built for 
the Tug because of the unique structural interfaces, interrela- 
tions between the Tug and the cradle, and Shuttle installation 
and removal requirements. The intent is to make handling GSE 
simple in design, functionally interrelated, and easily portable 
for inavttmnn use of each item at all contractor and launch sites. 
Design and construction will stress simplicity and durability 
instead of conqtlexLty , light weight, and hence, higher cost. 
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2.5. 2.8 Maintenance and Refurbishment - Maintenance and refurbish- 
ment concepts and requirements developed during the study provide 
effective and economical logistics support to meet turnaround and 
launch requirements for the Tug. 

Scheduled (preventive) and unscheduled (repair) maintenance will 
be performed on the Tug and its ground support equipment in a 
manner consistent with the operational time constraint, to pre- 
vent deterioration of inherent design levels of reliability and 
operating safety and accomplish support and protection at a mini- 
mum practical cost' 

Scheduled and unscheduled maintenance performed either directly 
on the Tug, associated ground support equipment, or in a support- 
ing role will be categorized into the following levels? (1) first- 
level (organizational), (2) second-level (Intermediate ) , and 
(3) third-level Maintenance (depot). 

Refurbishment and repair (R&R) costs have been determined for all 
final option Tug configurations as well as for the kick stages. 
Information obtained from analysis of maintenance, subsystem 
design, fleet sizing, and total launches all entered into the 
final cost evaluation. Major drivers in computing program R&R 
costs are the quantity and types of components for each Tug con- 
figuration, the number of flights a Tug and component will ex- 
perience, and projected failure rates. 

Preliminary main-engine costs were received from Aerojet Liquid 
Rocket Company and are factored into WBS 320-13/14. 

2.5.2 .8.1 Refurbishment Approach - Refurbishment is performed on 
» propellant. pressurization and mechanical components according to 
their wear characteristics and the need to incorporate soft goods 
(O-rings and" valve seats) . 

: Thie frequency of required refurbishment was determined during the 
.• • • maintenance analysis. Wien the average number of flights ‘(uses) 

' ^exceeds’ the frequency of refurbishments, the component is replaced. 

" The removed unit is then reworked and verified as a serviceable 
spare and. .placed in stock. If the frequency of refurbishments 
**. = /( .exceeds .anticipated average flights per Tug, no refurbishment 
• .- f -cost is IncLuded. 

\ Analysis of avionics components resulted in the concept that cur- 
rent state-of-the-art units will not be refurbished on a time- 
limited basis. Instead, the condition of avionics will be moni- 
tored and components considered serviceable until on-board or 
ground checkouts determine otherwise. 
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2. 5. 2. 8. 2 Repair Approach - Repair (unscheduled maintenance) is 
required by failure of a component during flight (noncatastrophic) 
or ground checkout. Upon receipt of the component at third level 
maintenance, the unit is routed to the appropriate location for 
complete repair and reacceptance. Reacceptance constitutes func- 
tional verification and verification of "zero" time on the unit. 

It is then returned to stock as a spare. 

Repair costs for each option were computed using standard issue 
rates as a basis for the number of probable failures throughout 
the program. It was also assumed that launch-to-launch flight 
cycle was one use for any specific component. 

An assumption made in computing the total repair cost was that 
major repair would be made by the component supplier at his 
facility. This approach eliminated the indeterminable cost aspect 
of providing the suppliers* acceptance and repair capability at 
one or both launch sites, When subsystems are completely defined, 
a more detailed analysis of this approach should be made. 

Repair costs for GSE are estimated to be a percentage of acquisi- 
tion cost. Because much of the effort for GSE is in structural 
fabrication (chassis racks, frames , etc, as well as assembly and 
test), a realistic technique is to compute the percentage against 
only the procured items that historically have high repair costs. 
Therefore, repair costs for GSE in each option were set at 20 % 
of acquisition cost for major procured items. 

2. 5. 2. 9 Manufacturing — Tug manufacturing concepts for the final 
options have been developed with concern for logical fabrication 
of subassemblies that flow parallel through production and converge 
at the final assembly and installation position. Basic manufac- 
turing techniques and processes required to fabricate. Inspect, 
and test the’Tug have all been proved. Tug-peculiar configura- 
tions for composite fabrications and welding of the screen tension 
device will require supporting research and technology (SR&T) to 
optimize detail design and fabrication processes. Fusion and 
resistance welding techniques will be developed for material gages 
necessary for Tug tanks. Processes will first be qualified on 
the static test article, then optimized and validated on the 
first production vehicle. Although detailed analyses were con- 
ducted for each final option, it has not been determined that the 
characteristics of each option have any direct effect on manu- 
facturing, tooling, facilities, processes, skills, or planning 
philosophy. 

Our manufacturing plan divides the Tug into logical subassemblies 
that can be built and tested as separate unit6. The oxidizer and 
fuel tank sections and the vehicle fosvard shell are the three 
major components of the structure. The main pronulsion and 
attitude control systems will be delivered to final assembly as 
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approximately 35 welded end tested subassemblies . Vehicle wiring 
will be built up on e tool and installed on the Tug as a complete 
harness. Figure 2.5-4 shows the flow of these major components 
through fabrication, assembly, installation, and test. 
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2.5.3 


Flight Operations 


Flight and ground mission" support systems for the four Tug final 
options were examined to provide an overall operational analysis 
consistent with current levels of definition. A summary of this 
examination is presented in this section. Details are in Vol 
6.0, Sect I of the Selected Option Data Dump (Ref 5.8). 

2. 5. 3.1 Ground Rules And Assumptions - Tug flights will be con- 
ducted by both DOD and NASA as the prime operating agencies. For 
visibility and uniform understanding of the operations concepts 
of the two agencies, the following ground rules and assumptions 
were used. 

- The USAF will be the executive agent and mission operating 
agency for the DOD and all DOD users; NASA will act in the 
same capacity for all users other than DOD. 

- The Space Shuttle and Tug upper stage will be launched from 
both KSC and VAFB during the operational program. NASA will 
be the launch agency at KSC; USAF will be the launch agency 
at VAFB. Each agency will have missions requiring the use 
of both launch sites. 

- NASA vUi provide all general-purpose Shuttle facilities at 
KSC; DOD will provide such facilities at VAFB. DOD payloads 
will be processed in a DOD-cont rolled facility at both VAFB 
and KSC. 

- A DOD Shuttle system simulator will be at VAFB for training 
DOD personnel. This simulator will be available for closed- 
loop simulations with the VAFB launch control center (LCC) , 

KSC LCC, -and the Sunnyvale operations management center (OMC). 

- Vehicle operations management control will be assumed by the 
operating agency at holddown release, regardless of the launch 
site. 

, Operational management control of DOD missions will be ex- 
ercised from a DOD OMC located with the STC at Sunnyvale aiM 
using the AFSCF network. Operational control of NASA missions 
will be exercised from a NASA operations center. The DOD may 
use NASA-developed software in its OMC. DOD-unique soft war i , 
if required, will be developed and provided by the DOD. 
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- Each operating agency will be responsible for planning its 
own missions. Shuttle mission design and mission planning 
capabilities of both operating agencies will be compatible 

in crew training, procedures, contingency handling, and rescue 
mission design. Additionally, on-board software will be com- 
patible in crew training, procedures, contingency handling, 
and rescue mission design. Additionally, on-board software 
will be compatible with, launch ’and control centers and mission 
simulation facilities, and will be the same for all vehicles 
except for iome mission-peculiar subroutines. 

- NASA will maintain a common data base to be used for mission 
design and operations support by both operating agencies. The 
Tug contractor and launch centers will make appropriate per- 
formance and calibration data updates to the data base as 
required. 

- Tug autonomy levels will be preempted, following Tug deployment 
from the Orbiter, for RF command and data flow verification, 
and during Tug recovery for statusing and safing. 

- The use of an operations S-band tracking and data relay satellite 
system is assumed. 

- The DOD and NASA will provide a joint, coordinated use of fa- 
cilities for the resolution of contingency situations on the 

‘ Shuttle.’ * 

* ■» ,7»;.65W '• • .. . 

2.5. 3. 2 Orbital Operations Performance Data - A general description 
of Tug configurations selected for each final option was presented 
in Tab le ' 2.4-1 

■ ■ A ' • 1 * 

Design performance data (weights, propellant load sizing, velocity 
budgets,' etc) required to define the capability of the selected 
Tug -and kick-stage configurations evolved in this study are sum- 
marized in para 2.1. These were presented in detail in Vol 6.0, 
Sect. I of the Selected Option Data Dump) (Ref 5.8). 

These configurations have been shown to be capable of capturing 
all'basellne missions defined by NASA and DOD, using the following 
flight modes : 

- Reusable Tug Modes (delivery, retrieval, round trip) - gen- 
erally the preferred techniques; 

- Kick Stage Modes - Used only on the more difficult planetary 
missions; 


2-194 


- Delayed Retrieval Flight Mode - Used only on geostationary 
aiss ions ; 

- Expendable Mode - Used only on the more difficult deep space 
missions. 

In parallel with the evolution of design data, orbital -operations 
performance requirements were examined to assess the air/ground 
operational interface. Critical functions or mission events af- 
fecting crew safety and mission success were identified by mis- 
sion phase and generalized for applicability to most mission pro- 
files. When assessed with the operational modes defined by au- 
tonomy level, a ground /on-board Interface functional responsibility 
matrix was developed (Table 2.5-10). The following definitions 
apply: 

Prime - Normal planned functional responsibilities; 

Auto - On-board computer control and limit check; 

Backup - Requires ground decision that on-board system failed; 

Override - On-board requests assistance from ground; 

Shared - Functional responsibility divided between on-board and 
ground . 

Autonomy Level II was used as a baseline for the final options 
presented in para 2.4. The definitions of all autonomy levels 
are listed below. 

Level- I Autonomy 


- Completely independent of any man-made inputs after separation 
(beacons, orbiter, ground) 

- On-board measurements and calculations allow mission to be 
-• completed in its entirety, including all Tug and spacecraft 

operations 

- Final on-board rendezvous and docking capability 

- Command uplink override capability and telemetry downlink 
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'able 2.6-10 Ground./ On-boai'd Functional Responsibility by Mission Phase 


Autonomy Lavala 




I A 

EX 

hi 


IV 


Phase 

Function 

On BOARD 

Ground 

On Board 

Ground 

On Board 

Ground 

Ha tad 

Contingency propellent dump for abort 

Prim 

Override 

Prime 

Backup 

— 

Prime 

Accent 

Monitor Tug systems for out-of-limits 
condition a 

Auto 

Override 

Shared 

Shared 

— 

Prime 

Orbiter 

Tug system checkout in Orbiter bay 

Auto 

Override 

Shared 

Shared 

— 

Prime 

Park 

Orbiter /Vug fluid interface disconnect 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 


Continue Tug systems verification deployed 
on RMS arm 

Auto 

Override 

Shared 

Shared 

— 

Prime 


Orbitar/Tug electrical interface disconnect 

Anto 

Override 

Prime 

Backup 

Prime 

Backup 


Complete systems verification after release 
of Tug 

Ante 

* 

Override 

Shared 

Snared 

— 

Prime 


Uigh-gain antenna deployment 

Ante 

Override 

Prime 

Backup 

Prime 

Backup 


Alignment check of I MU with orbiter 1 
aaparetlon bum (ACPS) 

Auto 

Override 

Prime 

Backup 

— 

Prime 

Pre-Main 

IMU realignment using star tracker 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Engine 

Burn 

Solar -array retraction* 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Acquire bum attitude 

Auto 

Override 

Prime 

Backup 

Shared 

Shared 

Main 

Main engine preparation sequence 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Engine 

Burns 

Main engine bum 

Auto 

Override 

Prime 

Backup 

Shared 

Shared 

Halo engine shutdown sequence 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Poet- 

Soler errey deployment & articulation* 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Main 

Engine 

Bum 

(Coast) 

Acquire/ hold thermal attitude 

Auto 

Override 

Prime 

Backup 

Shared 

Shared 

State vector updates 

I- Auto 

II- Prine 

Override 

Prime 

Backup 


Prime 

Pro- 

Solar army retraction* 

Auto 

Override 

Prime 

Backup 


Backup 

s/c 

Delivery 

Acquire delivery attitude 

Auto 

Override 

Prime 

Backup 


Shared 

Spin up spacecraft (If required) 

Auto 

Override 

Prime 

Backup 


Shared 


Perform predelivery checkout oft spacecraft* 

Auto 

Override 

Prime 

Backup 


Shared 

69NH 

Electrical ‘interface -disconnect* 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 


Release spacecraft 

Auto 

Override 

Pr ime 


Shared 

Shared 

Post- 

Solar array deployment & articulation* 

Auto 


IT 


Prime 

‘Backup 

S/C 

Delivery 

Acquire thermal attitude 

Auto 




Shared 

Shared 

Stationkeep** 

Ar to 


QS9B 


Shared 

Shared 

Pro- 

Retract solar array 

Auto 



Backup 

Prime 

Backup 

5/C 

Pretriv- 

al** 

Acquire rendezvous attitude 

Auto 


wm 

Backup 

Shared 

Shared 

s/c 

Rendezvous with spacecraft 

Auto 

Override 

Prime 


Shared 

Shared 

Retriev- 

al^ 

Acquire docking attitude 

Auto 

Override 

— 

CbBI 

— 

Prime 

Spln^up docking adapter, if spacecraft is 
ap inning 

Auto 

Override 


Prime 

" 

Prime 


Dock 

Auto 

Override 


Prime 

— 

Pr ime 


Despin, If required 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

icai 

Acquire deorbit attitude 

u i Vfc ■ 

Auto 

Override 

Prime 

Backup 

Shared 

Shared 

Pre- 

Establish Tug/Orblter RF link 

Prime 

Backup 

Prime 

Backup 

Shared 

Shared 

Orbiter 

Render- 

Se f ing / passive t ion 

Prime 

Backup 

Prime 

Backup 

— 

Prime 

VOUS 

♦♦•Solar array & high-gain aotenna retraction 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Orbiter 

Reestablish electrical Interface 

Auto 

Override 

Prime 

Backup 

Prime 

Backup 

Retrieve 
on RHS 

Perform exhaustive systems limit checks/ 
verification 

Prime 

Backup 

Shared 

Shared 

— 

Prime 

Post- 

Reestablish fluid interfaces 

Prime 

Backup 

Prime 

Backup 

Prime 

Backup 

Retrieve 
in Or- 
biter Be? 

Systems status report to ground to 
^ expedite turnaround 

Prime 

Backup 

Prime 

Backup 

Prime 

Backup 


•Does net apply to Final Option 1 
••Does not apply to delivery-only eases 

•••Solar Array Retraction not applicable to Final Option 1 
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Level II Autonomy 


- Ground or navigation satellite beacons acceptable (either must 
serve multiple users) 

- ,evel I autonomy required for orbits in which ground or satel- 
lite beacons do not provide satisfactory state determinations 

- Final on-board rendezvous and docking capability 

- Co mman d uplink override capability including spacecraft status, 
redirection and retargeting of mission with telemetry downlink 

Level III Autonomy 

- Ground stations provide state update during entire mission 

- On-board calculations are performed for mission completion 

- Final rendezvous is made by on-board capability 

- Final docking with ground support 

- Command and telemetry capability 
Level IV Autonomy 

- All phases are controlled from the ground 

- Calculations are performed primarily on the ground (such as 
main burn and midcourse— duration and direction) 

- Ground will control final rendezvous and docking 

- Command and telemetry capability 

■ * I r + 

-it -toy v J ■ ' o 
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2. 5. 3. 3 Network/ Communication - Ground-station passes and contact 
times required to maintain readiness for ground command override 
during critical Tug functions were developed using representative 
mission timelines. These data are summarized in Table 2.3-11. 
Details are presented in Vol 6.0, Sect. I of the Selected Option 
Data Dump (Ref 5.8). Station passes and contact times are shown 
as requirements and were not compared with ground-station cover- 
age. Therefore, contact times are independent of the network 
used and there may be some incompatibilities (i.e., a require- 
ment to communicate with the Tug for monitoring and/or command 
override during critical events when there is no ground station 
coverage) . 

Due to ground-station pass-duration variations with altitude, 
any requirements for contact times in excess of 10 minuses were 
divided into two passes if altitude was less than 5000 km, but 
listed as one pass if more than 5000 km. Minimum monitoring time 
shown for any event is one minute, to allow for data lock-on and 
analysis in case override commands are required. 

An operational S-band tracking and data relay satellite (TDRS) 
system was assumed; however, there are known ground-station 
constraints above 5000 and below 1300 km because of incomplete 
coverage. They are not reflected in this study. 

Mission-critical functions requiring ground override action could 
conceivably occur in any mission phase or any autonomy mode; 
hence, network readiness and manning-level requirements are not 
expected to vary greatly with mission phase or with the first 
three levels of autonomy. 

2. 5. 3. A Guidance and Navigation - The purpose of the guidance 
and navigation error analysis portion of the Tug study was to 
ensure that the subsystems selected allow the Tug to meet the 
specified delivery accuracy requirements and return to the Orbiter 
within accuracy uncertainties that permit the Orbiter to acquire 
and rendezvous with the Tug. Further, requirements for. midcourse 
corrections and/or vernier burns to meet these accuracies were 
defined for impact on subsystem design. Various types of navi- 
gation systems were analyzed to determine their ability to meet 
the different autonomy levels. Navigation with periodic updates 
from ground tracking stations was evaluated as a system meeting 
the Autonomy Level III requirements. One-way doppler (0WD) and 
interferometer landmark tracking (ILT) systems were considered for 
Autonomy Level II, and horizon sensors (HS) were considered as 
the only satisfactory candidate meeting the requirements of 
Autonomy Level I. 
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'able £.£-12 Oua Xtizscrk Operations Requirement* 



Geostationary 


TDRS + 

5 Stations 


No pastes 

below 5000 km 


Total contact 
time (min) 


No passes 

above 5000 km 


Total contact 


13 

15 

■HI 

15 

12 

15 

86* 

104 

104 

116 

98 

84 



time (min) 

86 

104 

116 

116 

98 

84 

15 

Stations 

No pneses 

below 5000 km 

13 

15 

15 

15 

12 

15 


Total Contract 
Time in) 

86/72 

104/90 

116/102 

116/102 

m 

84 

TORS + 

5 S cation* 

No passes 
above 5000 Ion 

3/2 

4/3 

4/3 

3/2 

4/3 

3 


High- Inclination 

Circular/ 

Elliptic*!* 


Total contact 
time (min) 


15 No passes 

Stations below 5000 km 

Total contact 
time (min) 


TDB$ No passes 

5 Stations above 5000 km 

Total contact 
time (win) 


N ote : Level XX autonomy assumed 

extrapolations of analysed cases, because computer runs performed on geostationary mission only 

Tag Mode 1 • Single-stage deliver only - Final Option 1 Tug 

Tug Mode 2 • Single-stage delivery /retrieval - Final Option 2 Tug 

Tug Mode 3 * delivery /retrieval (phase-developed ) - Final Option 3 Tug 

Tug Mode 4 • Stage -and -a-half delivery - Final Option 3A Tug 

Tug Mode 5 - Delivery & first-half delayed retrieval ) c . 

TUg Mode 6 - Second-half delayed retrieval 1 special Cases 

















































































The predominant Tug mission objective was to deliver And/or re- 
trieve a spacecraft from a geostationary Earth orbit. This type 
of mission demonstrates most of the complex vehicle functions and 
was therefore used a6 a basis for these analyses. Delivery ac- 
curacy requirements were specified for a geostationary mission, 
which allows a direct evaluation of results. 

2.5. 3. A. 1 Ground-Update Navigation - Autonomy Level III allows 
a state update to be received from ground tracking stations during 
the entire mission. The ground network used in this analysis has 
15 stations, as defined in Table 10-1 in Vol 6.0, Sect. 1 of the 

Selected Optior. Data Dump (Ref 5.8). 

While continuous ground contact is not required to navigate suc- 
cessfully, a TDRS system has been assumed to be available that 
would permit receiving an update when the Tug was not within view 
of any of the 15 ground stations. Navigation uncertainty for a 
geostationary delivery mission to 87°E longitude was evaluated 
using a Martin Marietta computer program. 

A discussion of the computer programs and derived navigational 
uncertainty results were graphically presented with supporting, 
text in Vol 6.0, Sect. I of the Selected Option Data Dump (Ref 
5.8).. Accuracies for both the delivery and return-to-Orbiter 
states were within the requirements. 

2.5. 3.4.2 Autonomous Navigation - Autonomy Level I and II navi- 
gation requires a means by which the Tug can determine its attitude 
and state with on-board sensors and computational software, in- 
dependent of any dedicated ground-generated information. Autonomy 
Level I further requires that no man-generated ground information 
(such as beacons) may be used. Three sensors meeting these au- 
tonomy requirements were considered for use with the on-board IMU 
package. A horizon sensor (HS) meets Autonomy Level I require- 
ments and will provide a complete, although somewhat rough, es- 
timate of the Tug's position above the Earth if the vehicle's 
inertial attitude is known from the IMU package. The HS model 
errors are assumed to originate from the altitude uncertainty of 
the C0 2 absorption layer and uncertainty in sensor Measurements. 

An interferometer landmark tracker (ILT) and a one-way Doppler 
(OWD) -system were investigated as candidates to improve the navi- 
gation capability of the HS and still meet Autonomy Level II re- 
quirements. The ILT is a phase detector that measures the phase 
difference between components of a wavefront received on two 
spatially separated antennas. Because it is capable of processing 
a short radar pulse, system performance is not degraded by rapid 
axial motion of the Tug. 
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The O.vD system is "one-half" of the conventional Doppler process, 

OWD does not retransmit a signal, but compares the received fre- 
quency with the previously defined nominal frequency to determine 
relative velocity. Thus, the uncertainty (or instability) of 
the frequency source contributes to total sensor uncertainty, 
which is primarily a result of the precision of the on-board 
clock. 

Error analyses for these sensor models were conducted using the 
same computer process used for ground 7 update navigation. The 
results were reported in Vol 6.0, Sect. 1 of the Selected Option 
Zaza Zwrp (Ref 5.8). Again, accuracies for both the delivery 
and returo-to-Orbiter state were within requirements. 

2, 5. 3. 5 Rendezvous and Docking - The avionics rendezvous and 
docking requirement is met by addition of a scanning laser radar 
and video subsystem in the spacecraft interface rendezvous and docking 
module. The ACPS tanks are selected to provide the energy re- 
quired to execute the rendezvous maneuver. Detailed avionics and 
propulsion considerations for specific options were presented in 
Vol 5,0, Sect. 1 of the Selected Option Zata Durrp (Ref 5.8). 

A typical rendezvous sequence, shown in Fig. 2.5-5, consists of 
an Initial (intercept) burn that places the Tug in a new orbit 
designed to intercept the target at a specified time. During the 
subsequent coast, guidance equations are resolved to determine if 
correction burns are required to ensure an interception. Then, 
a braking burn is executed to orbit with the target vehicle. 

Finally, another check is made to ensure that relative velocities 
are within hand-over requirements of the terminal system. Addi- 
tional data showing a typical geostationary mission were pre- 
stinted in -Fig. 11-J2 and 11-3 of Vol 6.0, Sect. I of the Selected 
Option Data Dump (Ref 5.8). 

.jje#* 

1. Tug perforins Intercept bum at time T. . 

(In this case, based -on relative 1 
range S range rate data) ’ 

1*. Target position at Tj . 

2. Check made to see If correction bum 
reeter than an Input tolerance (1 ft/sec) 

0.305 e/sec) is required; bum executed 

if required 

,2". etc. Above check repeated at requested 
tine Intervals (200-sec intervals) 

3. Braking bum performed at nominal distance 
behind target by Tug to orbit with target, 

4. Check made to assure relative iV within 
specified tolerance (0.05 ft/sec) (0.015 
m/sec). 

Fig. 2.5-5 Tug Rendezvous Sequence 



From a range of approximately 30 n ml (55.6 km), the scanning 
laser radar, a ranging device baselined for Final Options 2 and 3, 
will track to a corner reflector on the target vehicle. From a 
range of approximately 100 ft (30.5 m) to dock and latch, a TV 
camera will be employed, using either, remote manual operation 
from the ground or an automatic data processing of light-bar-type 
data to satisfy automatic docking requirements. Laboratory eval- 
uation using the ground operator concept was reported In Vol 5.0, 
Appendix D of the Selected Option Data Dump (Ref 5.8). 

Rendezvous and docking may be feasible without using a separate 
video camera. Its absence would impose a severe operational lim- 
itation because backup or workaround capability would be minimal 
if the initial docking attempt failed. A video camera will permit 
manual intervention, and is a significant requirement for opera- 
tional flexibility. 

2. 5. 3. 6 Software - Development and mission-peculiar updating of 
the Tug airborne computer software package is one of the major 
operations-oriented tasks in the Tug DDT&E program. Basically, 
the approach followed is similar to that used for the Titan IIIC 
system. The package will be capable of directing Tug over a de- 
fined range of mission possibilities; scientific equations are 
developed, and computer logic is programmed for this defined mis- 
sion range. 

The Tug flight software problem is more complex than that for 
conventional expendable deliveries like Titan IIIC. This greater 
complexity is shown by the use of a 4-megahlt memory and three 
central processing units in the airborne computer, and it Implies 
a more complex problem in software programming and validation. 

A‘ conservative, completely redundant dual-validation loop is con- 
sidered an absolute requirement for Tug system development. 

The first loop employs an interpretive computer simulation (ICS). 
This validation provides a necessary development tool for diagnosis 
and validation of flight software. The ICS provides a complete 
digital simulation of the six-degree-of-freedom vehicle mechanics, 
servo response of the vehicle flight-control systems, and the 
airborne .flight computer. In addition, a complete set of air- 
borne computer diagnostics that permit tracing any anomalies in 
the flight program is provided. 

The second validation loop uses a controls mockup (CMU) in which 
as many articles of flight hardware as possible (inertial measure- 
ment unit, flight computer, engine actuators, etc) are coupled 
with a hybrid computer simulation of those elements that cannot 
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be sec up In the laboratory (flight mechanics, engine thrust, etc) 
The merit of the laboratory validation is that it provides maxi- 
mum confidence in the software package that can be obtained short 
of actual flight. test. 

Playing the flight software through a flight computer in these 
facilities provides complete functional confidence in the sys- 
tem developed. Run times are real time (whereas ICS is slower 
than real time), and it is possible to validate all critical 
cases in the defined mission range. ICS validation, due to com- 
putational time and cost, can only sample critical cases. For 
rendezvous missions, the space operations simulation (SOS) con- 
taining a moving-base docking unit is routine as part of the CMU. 

This dual (ICS/CMU-SOS) validation loop provides complimentary, 
complete confidence in the flight software package. After this 
validation, there is complete confidence that a software system 
capable of operating over the defined mission range has been de- 
veloped. Then, the only recurring activity required to fly a 
particular mission within the scope of the defined mission range 
is preparation of specific mission targeting parameters, prepar- 
ation of a mission-peculiar input tape, and verification that 
the tape has been prepared and entered in the flight computer as 
intended. 


2. 5. 3. 6.1 Spacecraft Deployment Software - The functional capa- 
bility required of the flight software package to deliver space- 
craft over the range of missions defined by KASA and DOD, and 
return to the Orblter, is shown in Table 2.5-12. 

The following assumptions were made relative to software develop- 
ment: 

- SRT activity will be pursued diligently before the start of 
Phase C, and basic technology required to perform functions 
will be well in hand. 

- Phase . B will provide for trade studies that will identify what 
basic types of logic technique are to be used (e.g., what type 
of powered-flight guidance equations are best, whether the com- 
puter will use floating-point arithmetic, whether one-way 
Doppler will be used). 

- Flight software will be capable of Autonomy Level I or II op- 
eration, with backup by ground system on demand or request. 
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Table 2.5-12 Delivery Capability On-Board. Computer Functions 


Guidance & Navigation 

- Store Ephemerls Data* Etc 

Mission Orbit 
Shuttle Orbit 

Ground Station Data (Trackers & Navigation Sources) 
Physical Location 
Electronic Characteristics • 

Availability Schedules 

- Orbit Determination Logic 

Using Inputs from IMP, Clock, Star Tracker & 1-Way 
Doppler (Horizon Scanner for Level I Autonomy) 

On-Board Determination of Navigation Update 

- Provide Powered Flight Guidance 

Based on Updated IMU Navigation & Mission Targets 

Flight Control 

- Provide Required Stability & Transient Response during 

Powered & Coast Flight 

- Control Pointing «sf Antennae & Solar Arrays 
Malfunction 

- Monitor Equipment Status & Take Corrective Action 

v.n r 

- Manage Redundant ACPS Status & Backup Modes 

- Perform Redundant Sensor Analysis, Computations & Discard 

Questionable Data 

Data Management 

Manage System Data Flow over Data- Bus 

- Control Multiple CPU Memory as Function of Flight Mode 

j 'interface as Required with Ground Command, Data Link Systems 
Ground Checkout 


Provide Data/Function Interface with Ground & Orbiter 

*»*■ Computers *■&•’ * * ■ * 

- Conduct On-Board. Statusing in Conjunction with Ground, 

Orbiter Computers & Launch/Flight Crew Monitor or Override 
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- Maxinun use of the flight conputer for prelaunch check and 
in-flight self -check will be achieved. 

- A conplete dual validation of flight software will be made 
before first flight, through laboratory setup with maximum use 
of flight hardware (CMU) and complete simulation validation 
(ICS) . 

- Maximum flexibility of flight software to minimize recurring 
analysis required for mission-to-mlssion retargeting will be 
a goal. 

- DDT&E will result in efficient computer tools to permit mini- 
mum analyst- in- loop activity in retargeting missions. 

-■ There will be no CMU /ICS validation of a recurring mission. 

Flight software development tasks and the schedule are shown in 
Fig. 2.5-6. A detailed discussion of these tasks is in Vol 6.0, 
Sect. I of the Selected Option Data Dutp (Ref 5.8). 

2. 5. 3. 6. 2 Computer Differences for Spacecraft Retrieval 
Capability - Retrieval capability requires the use of several ad- 
ditional components on the Tug and significantly more complex mis- 
sion plans. Component additions include a rendezvous radar, TV 
docking camera, and mechanical docking mechanisms. Complications 
in mission planning include multiple-impulse to approach the 
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target, translational maneuvers to dock ulth It, and longer total 
mission durations to accommodate rendezvous sequences. These 
functional requirements require more on-board computer functions 
to direct the added activities. 

Additional computer functions are summarized in Table 2.5-13. 

Zable 2.&-13 Additional On-Board Cjonputer Functions for 
Retrieval Capability 


Guidance and Navigation 

RADAR Use Algorithm 
TV Image Interpretation Algorithm 
Rendezvous Guidance Logic 
Docking Guidance Logic 


Flight Controls 

ACPS Use for 3-Axis Translation 

Transient Response during Docking (Possibly Spinning S/C) 


Plus 

Malfunction Detection, Data Management & Checkout for Added 
* Components & Functions 


The additional functions have an impact on the tasks shown in 
Fig. 2.5-6. A detailed discussion of this task Impact was re- 
ported in Vol 6.O., Sect. I of the Selected Option Data Dump (Ref 
5.8). 
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2.5.4 Orbiter Interfaces - Figure 2.5-7 shows the general arrange- 
ment and physical interfaces of the Orbiter and Tug. The specific 
interfaces (structural, avionics, fluid, operations, environmental 
including GSE, spacecraft), and design effects of the Tug on the 
Orbiter and spacecraft, are discussed in the following paragraphs. 
The discussions are typical for all Tug final options unless other- 
wise noted. Additional details are in Vol 5.0 of the Selected Op- 
tion Data Bwnp (Ref 5.8). 



Fig. 2.5-7 General Arrangement 

2. 5. 4.1 Orbiter/Tug Structural Interfaces 

2. 5. 4. 1.1 Tur Effects on Orbiter - One condition — an Orbiter 
abort landing with a fully loaded Tug [65,000 lb (29,484 kg)] — 
exceeds the allowable cradle/Orbiter support point interface 
load. -These support points will require modification to accept 
the- loads imposed by the Tug under this condition. (See Fig. 

2.5- 8 and -9.) 

2. 5. 4. 1.2 Tug-Provided Equipment and Interface Status 

a. Final Options 1 } arid 3 Cradle - Figure 2,5-8 shows the 
cradle design used for single-stage, options. Cradle-to-Orbiter 
interface points are statically determinant, as defined in Fig. 

2.5- 9, with two vertical and two longitudinal cradle reactions 
taken at Orbiter Sta 1041, one vertical reaction at Sta 1134.5, 
and one lateral taken at Sta 1040. The Tug-to-cradle structural 
tie arrangement is statically indeterminant with eight lateral 
(Y) and eight vertical (Z) ties, and a vee-groove clamp for 
longitudinal loads • (X) . 
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Tug Cradle 




Note: Loads underlined exceed orbiter allowables and 
are for an abort case fully loaded. 

Fig. 2.5-9 Single-Stage Tug/Orbiiev Interface Loads 
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r. Final CpzioK ZA Cradle - Figure 2.5-10 shows the cradle design 
used for stage-and-a-half vehicles. 


Tug/Cradle Lateral 
& Longitudinal Tie 



Fig£'2.S-10 Final Option 3A Cradle Concept 


The cradle-to-Orbiter interface points are statically determinant 
as defined in Payload Accomodations (Ref 5.13). There are two 
fittings on the side box beams at the forward bulkhead that take 
longidudinal (X) and vertical (Z) loads into the Orbiter at Sta 
1041. The third vertical (Z) tie is on the left box beam at 
Orbiter Sta 1181. The lateral (Y) load is taken out at a fitting 
on ’the forward bulkhead frame at Orbiter Sta 1040. 

There are eight cradle-to-Tug interface points forming an indeter- 
minant tie between cradle and Tug. Six of the eight tie points 
fall on the forward cradle frame. Two vertical (Z) Tug reactions 
are taken at cradle fittings on the side centerline at inboard 
flange areas. Two lateral (Y) and two longitudinal (X) Tug reac- 
tions are carried in the upper clamshell region and two other 
lateral and longitudinal reactions are carried in the lower fixed 
portion of the bulkhead frame. Fittings on the inboard sides of 
the box beams carry both vertical (Z) and lateral (Y) Tug reactions. 


’-aatfriw-' to anHW’sr-su ^i«***' tv- ^ < ■ »*•••• - 
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o. "enter of Gravity - Each Tug configuration's eg falls within 
the Orbiter's requirements. Figures 2.5-11 and 2.5-12 show the 
longitudinal and vertical center of gravity for single-stage con- 
figurations (stage-and-a-half configurations are similar). Lat- 
eral cgs fall within 0.75 in. (1.91 cm) of the payload-bay center- 
line for all configurations. 

d. Interface Loads - Each Tug configuration's interface load 
falls within the Orbiter's capability, except in the fully loaded 
abort case, as shown in Fig. 2.5-9. 

2 . 5 . 4 . 2 Orbiter/Tug Avionics Interfaces 

2. 5. 4. 2.1 Tug Effects on Orbiter 

a. Electrical - A relay contact is provided in the Tug return 
wiring (Fig. 2.5-13) to allow connection of the Tug return line 
to its vehicle ground point whenever the Orbiter return is not 
tied to its structure. The Orbiter should provide ability to 
control this relay. 

Two redundant Orbiter electrical connectors that mate with the 
Tug connectors should have the size and number of wires shown 
in Fig. 2.5-14. 

Tug power requirements are within the provisions of Payload 
Accommodations (Ref 5.13) . 

b. Rata Management - One Interface box, Orbiter- or Tug-provided, 
is required to interface the Tug data management subsystem and 
Orbiter data processing subsystem (computers) . The principle 
circuits are: 

1) Standard branch circuits to perform the Tug control-line 
time-division demultiplex and data-line multiplex functions; 

2) Buffer registers for temporary word storage to accommodate 
differing dock rates and formats fnr data flowing in either 
direction ; 

3) A frequency divider (integrated circuits) to convert an Orbiter- 
supplied stable, clock to the 2 MHz needed for Tug flexible 
signal interface (FSI) control (for Orbiter override capa- 
bility) ; 

4) A binary counter and sufficient AND logic to gate the buffer 
registers in a time-division multiplex manner for two-way F«S1 
control (again needed for Orbiter override capability). 
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Fig. 2.5-11 Longitudinal Center of Gravity vs Allowable Envelope 
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Fig. 2.5-12 Vertical Center of Gravity vs Allowable Envelope 
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- Connector (See Fig. 2. 5-14 
for details. ) 

Fig. 2.5-13 Tug/Cradle/Orbiter and Tug/Spacecraft Electrical Interface 


Tug | Tug Cradle 
or 



legend: 

- JC — Tug 

Tug p ra< * ,e ;0rbiter 

*=tb==d)=f 


1. This represents one of two redundant 
connectors & identical wiring 

2. Power feeders sized to allow 1000-W 
power transfer 

3. #12 Wiring - Nickel plated, Kapton 
insulated 


Fig. 2.5-14 Typical , Tug/Tug Cradle, /Orbi ter Interface Connector/' 

Wiring 


2-213 



Software needed to program the Orbiter computer for Tug interface 
functions would vary from one mission to the next. The maximum 
software requirement would be for crew display functions. 

a. Instrumentation - Tug has no separate instrumentation sub- 
system. The Instrumentation function is Included in the data 
management subsystem. 

d. Guidance and Navigation - The Tug does not affect the Orbiter; 
l.a., there is no interface. 

e. Comruni cations - The Tug does not affect the Orbiter beyond 
the provisions of Payload Accomodations (Ref 5.13). 

/. Caution and Warning - It is recommended that the Orbiter be 
provided with a caution and warning light on the standard Orbiter 
crewman's control consoles. This light would be activated by 
the Tug data management processor in response to out-of-limit 
Tug or spacecraft conditions. Software used with the one (of 
five) standard Orbiter computers assigned to the Tug on transport 
flights will allow the crewman to ask for and get more detailed 
data on Tug or spacecraft parameters through standard computer- 
interface keyboard addressing and cathode-ray-tube (CRT) display. 
Similarly, the crewman can exert override control of Tug func- 
tions. 


2. 5. 4. 2. 2 -Provided Equipment and Interface Status 

a. Electrical - Figure 2.5-13 illustrates the Tug side of the 
Tug/Orbiter electrical interface. Two remotely controlled switches 
control the power source from the Tug or Orbiter to the main buses 
of the Tug (two for redundancy). Two redundant Tug connectors, 
which mate with the Orbiter connectors, will be provided (Fig. 
2.5-14) to transfer Orbiter power and return to the Tug and trans- 
mit all hard-wire control and data between the Tug and Orbiter. 
While mated electrically to Orbiter power , the Tug can use Orbiter 
ground return (structure ground) with ability to switch to the 

Tug ground point (a single-point ground) through the relay con- 
tact.- Tug electrical energy requirements from the Orbiter are: 

TinePover Required - T-0 to Energy Required - 16 kWh 

hr and Tug retrieval- 

* ’ to-Orbiter touchdown and Average Power Required - 667 W 

1 * " ' secure 

Peak Power Required - 1000 W 

b. Data Management - The interface box, identified in paragraph 
2.5.4.2.1.b, will be provided to interface the Tug data manage- 
ment and Orbiter data processing subsystems. 
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J-.o: i't^c Ktar i„ K - This function is included in the Tug data 
management subsystem. 

oatione - Figure 2.5-15 shows the status of the com- 
munications interface. The Tug system is all S-band with glmbaled 
high-gain antennas, stripline omnidirectional antenna, FM and PM 
transmitters, receivers, power amplifiers, a coupling and switching 
network and coaxial cable harness. The system is redundant and 
is compatible with Payload Aaoc’T'.odaiicr.s (Ref. 5.13). 



e. Guidance and Navigation 


1) G uidance - There is Orbiter interface. 

2) Navi g ation - There is no Orbiter interface: the Tug self- 
navigates from prelaunch' on. 

f. Caution ar.d Wamiino - There is' no dedicatee hardware for 
caution and warning except the sensors (switches, transducers, 
etc) that allow the selected parameters to be monitored. The 
monitor, control, and data transmission to the Orbiter are via 
the data transmission subsystem for all parameters, through the 
control and data signal wires shown in Fig. 2.5-14. Due to the 
flexible-signal-interface approach, all parameters instrumented 
(for any reason) in the Tug could be transmitted as caution and 
warning parameters, eliminating the need to predetermine the 
desired parameters to monitor at this time (the only effect on 
the interface being in the software) . 
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2 . 5 . 4 . 3 Tug/Orbite t Fluid Interfac es 


2. 5. 4. 3.1 Tug Effects on Orbiter - On* nominal 3*j-in . (8.89-cm) 
di* oxidizer and fuel dump line is required, which incorporates 
one half of a connector of the saoe diameter on the Tug/Orbiter 
interface end and incorporates a connector for GSE dumping on the 
oth*r end. Provision will be required for in-flight dumping 
through these lines, which tentatively interface as shown in 
Fig. 2.5-16. The precise location of the Interface will be de- 
termined in lat r work. The desired flow rate and allowable 
pressure drop at the Orbiter lines are shown in Fig. 2.5-17 for 
ascent abort. 

2.5.4. 3.2 Tug-Provided Equipment and Interface Status - Fuel 
and oxidizer dump lines will be required on the Tug cradle from 
the Tug/cradle Interface to the cradle/Orblter interface. These 
lines will be nominal 3*5-10 . (8.89-cm) dia and each (one fuel 
and one oxidizer) will incorporate one half of a reconnectable 
quick-disconnect coupling at the Tug/cradle Interface in addition 
to a manual connector half at the cradle/Orblter interface. 

2. 5. 4. 3. 3 Dump Philosophy and Characteristics 

a. Pre launch - After main-tank propellants are loaded, trailers 
(GSE) will be provided for dumping, which may be either simul- 
taneous or sequential and may be performed any time before termi- 
nal countdown. Either horizontal or vertical dumping capability 
is provided. 

b. Ascent Abort - Dumping during powered flight should be limited 
to above 150,000 ft (47,720 m) to keep any propellant Interaction 
to a very low order and allow simultaneous dumping in order to 
land empty. To meet a landing weight goal of 32,000 lb (14,515 
kg) maximum, only oxidizer will be dumped. Figure 2.5-17 indi- 
cates the dump times. 

c. On Orbit - Sequential or simultaneous dumping capability is 
provided and no Orbiter thrust is required during dumping; how- 
ever, initial settling of Tug propellants by the Orbiter is re- 
quired. 

d. t" OME Kit/Tug Integrated Dump - Integrated dumping capability ■ 
should be considered if the same propellants, dump rates, and 
similar tank pressures prevail for both the Tug and OME. 

2. 5. 4. 5 Tug/Orbiter Operational Interface 

2. 5. 4. 5.1 Prelaunch Operations - Prelaunch operations involve 
Interface verification and a launch readiness (Fig. 2.5-18 shows 
Tug turn-around flow) : 
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Fig. 8.5-1? Ascent Abort Dump Time vs Line Diamter 
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Fig. 2.5-18 Tug Turn-Around Flew Diagram 
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a. Interface Verification - Verification involves : 

• Tug/cvadie/Orbiter bay/RMS mate and verify compatibility; 

• Tug/Orbiter umbilical mate (electrical and propellant) and 
verify compatibility; 

• Tug avionics checkout using LPS and Tug/Orbiter' on-board 
systems ; 

• Tug propellant dump trailers connected to Orbiter; 

• Tug propellant temperature /pressure verified and monitored by 
LPS and Tug/Orbiter on-board systems; 

• Orbiter-bay temperature /atmosphere monitored by LPS or other 
Orbiter GSE. 

b. Launch Readiness - A count down /count up via the LPS and Tug/ 
Orbiter on-board systems is required, 

2. 5. 4. 5. 2 F light Operations - Flight operations involve launch 
and boost, on-orbit delivery and on-orbit retrieval. 

a. Launch and Boost - The interface consists of status monitoring 
the Tug by the Orbiter-Tug data management system to the Orbiter 
data processing subsystem. 

b. Cki-Orbit Deployment - The Interface includes RMS deployment 
of Tug, power transfer from Orbiter to Tug, init ate RF control 
to Tug by Orbiter (Tug ACPS inactive) , Orbiter status monitor of 
Tug, disconnect Tug umbilicals, RMS release of Tug, Orbiter/Tug 
separation. Tug ACPS activated in "large-limit -cycle" mode, and 
Orbiter "hand-over" control to Tug. 

c. On-Orbit Retrieval - The interface includes Orbiter interro- 
gate Tug status via RF, Tug ACPS acting in "small -limit- cycle" 
mode, RMS capture of Tug (ACPS deactivated) , umbilical remate , 
power transfer to Orbiter, Tug system status monitor by Orbiter, 
Tug; stowed in Orbiter bay. 

• 2. 5 - 4.6 Tug/Orbiter Environmental Interfaces - Payload Accommo- 
dations (Ref 5.13) specifies the environmental interface param- 
eters of vibration levels, acoustic levels, shock levels, payload- 
bay atmosphere, and payload-bay wall. The Tug is compatible with 
these. It is requested that the Orbiter bay be maintained at 
65 ± 5°F (18.3 ± 1.4l°C) after Tug stowage until Shuttle liftoff, 
for Tug propulsion-system performance purposes. 
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2. 5. 4. 7 Tug/ Spacecraft Structural Interface 


2.5.4. 7.1 Tug Effect on Spacecraft 

a. Each delivery-only spacecraft must tih \ a structural adapter 
to be bolted to the separation module desfc* ..‘.bed in paragraph 

2. 5. 4. 7. 2. a. below. 

b. Each replacement spacecraft or retrieved spacecraft must have a 
structural adapter for mating to the docking module described In 
paragraph 2. 5. 4. 7. 2. b. below. The’ adapter will be attached In 

a manner similar to the Apollo probe-and-drogue method, with the 
drogue being part of the spacecraft adapter. 

2. 5. 4. 7. 2 Tug-Provided Equipment and Interface Status 

a. The separation module (Fig. 2.2-18 and 2.2-19) Is used on all 
10-ft (3.05-m) dia Tugs, with or without kick stages, which in- 
cludes Final Options 1, 2, and 3. Final Option 3A is the same 
except the diameter is 6 ft (1.83 m). The baseline module con- 
sists of two machined angles spliced with two notched frangible 
doublers, with an oval stainless-steel tube in the splice. The 
angle flanges in each end of the 5 -in, (12 . 7 -cm) section bolt 

to the Tug or kick stage and spacecraft. Separation is achieved 
by detonating fuses inside the stainless tube, causing the fran- 
gible doublers to shear. After the doublers shear, final sepa- 
ration is achieved by springs around the inside perimeter of the 
module. 

b. The docking module (Fig. 2.2-20) is used on all 10-ft (3.05- 
m) dia Tugs that have docking capability; namely, Final Option 2. 
The module consists of a 10-ft (3.05-m) dia shell, 21 in. (53.3 
cm) deep, which houses a modified Apollo-type probe, an actuator- 
dancer system, and 18 mechanical latches. The probe is mounted 
in the center of a triangular frame, which in turn is supported 
by six actuator-damper devices, supported at the inboard flange 

of the module aft ring. A torque motor, mounted in the probe 
housing, provides spin-up for the probe head. Initial space- 
craft capture is with capture latches mounted in the probe head. 
After initial capture, the actuator— dampers are retracted, and 
hard docking is achieved through 18 mechanical latches on the 
perimeter of the 10-ft (3.05-m) dia module. 

All flight loads are transmitted through the latches and outer 
structure, rather than through the docking mechanism. For a 
delivery and retrieval mission, the spacecraft is installed with 
hard latches and deployed by unlatching and extending the actuator- 
dashers. Option 3A uses the same method with a 6-ft (1.83-m) 
dia module. 
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Power 


Signal 


c. Environmental parameters (vibration, shock, acceleration, and 
loads) imposed on the spacecraft will be a maximum of 120 7. of 
those imposed by the Orbiter. 


2 . 5 . 4 . 8 Tug/Spacecraft Avionics Interface 


2. 5.4. 8.1 Tug Effects on Spacecraft 

a. Electrical - To receive power/ signal data from the Tug, each 
spacecraft roust provide two electrical Interfacing connectors 
compatible with the interface shown in Fig. 2.5-19. 


Tug 

(or kick stage) 


Spacecraft 



Note: 1. This represents one of two redundant 
connectors and identical wiring. 

2. Power feeders sized to carry 450 W. 

3. #12 Wiring - Nickel plated, Kapton 
insulated. 


Fig. 2.5-19 Typical Tug /Space craft Interface Connector and. Wires 

b. Data Management - To provide Tug-to-spacecraf t command, con- 
trol, and checkout services, a spacecraft data management subsystem 
compatible with the Tug flexible signal interface is recommended for 
each spacecraft. This subsystem, patterned after and compatible 
with Tug (FORMAT and CLOCK) , will interface through the two con- 
nectors (four signal pins per connector, two connectors for re- 
dundancy) and will provide for: 
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1) Either Tug, Orbiter, or GSE to issue any discrete commands, 
to gate and receive data from any telemetry channel, and 
transfer binary data to any compatible memory instrumented 
in the spacecraft; 

2) Tug (when connected to the spacecraft) to provide limit check 
on any telemetry channel in the spacecraft and issue discrete 
commands in response to any spacecraft out-of-liroit condition; 

3) Tug limit check and general-purpose computer to be capable of 
automatically correcting out-of-limits or dangerous conditions 
in the spacecraft . 

These provisions require a Tug-compatible CDTC processor and 

branch circuits in the spacecraft. 

2. 5.4. 8. 2 Tug-Provided Equipment and Interface Status 

a, Electrical 

1) Two redundant connectors will be provided, with the wiring 
type and size shown on Fig. 2.5-19 to mate with the space- 
craft connectors. 

2) Steady-state voltage of 22 Vdc minimum at 300 W will be pro- 
vided by the Tug at the interface. 

3) Ripple voltage at the Tug/spacecraft interface will be 4 V 
.peak to peak while the Orbiter is supplying power to the Tug. 


b. Data Management - Two four-pin interfaces will be provided in 
the connector to interconnect the Tug and spacecraft time-division 
multiplexed control and data lines. 
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SUPPORTING RESEARCH AND TECHNOLOGY 


A supporting research and technology (SRT) program of $20 million 
has been designed to minimize risk and maximize confidence in 
developing a space transportation system that meets the performance, 
cost, and schedule goals established during this study contract. 

All technology requirements were carefully examined by the Tug 
study team with full support of the technology specialists from 
the Research and Development Department. Completion of SRT tasks 
before the start of DDT&E will minimize cost and provide for a 
low-risk hardware program. 

A list of SRT Tasks, their costs, schedules, and applicability to 
each of the final options is in Table 2.6-1. 

The DOD R&D project test and evaluation program is the same as 
the NASA SRT program. 

2.6.1 Tug SRT Taste 

Descriptions, schedules, and supporting data for each SRT task are 
in Vol 5.0 of the Selected Option Data Dump (Ref 5.8). One ad- 
ditional task. Avionics Task A-19, Moving Base Docking Simulation , 
applicable to the retrieval capability required for the 1983 IOC 
for final Options 2, 3 and 3A, is described in the next paragraph. 

2. 6. 1.1 Moving-Base Docking Simulation - A series of moving-base 
simulations will be required to study the remote and autonomous 
control of docking. Autonomy Level II will be baselined, which 
(by definition) includes both blind and man- in- the- loop docking. 

A worst-case rotating vehicle will be assumed. Because a rotating 
vehicle can (in the absence of friction or presence of a dis- 
turbing torque.) be coning; this motion will also be examined. 

The propellant-6losh (0-g) models developed in SRT Task A-3 
Propellant Slosh Effects in Lav~g Environment will be included 
in the dynamics of the Tug model used to drive the moving-base 
simulator. Induced precession of the target vehicle will be 
modeled by the use of a small gimbaled target platform on an 
- air-cushion floor. The docking logic will be incorporated in the 
dynamic model, which drives the primary moving-base simulator. . 

The algorithm will be an expansion and iteration of the steering 
laws developed in SRT Task A-2 Docking Strategies Assessment. 

The candidate sensor sets will be: 1) RF (short range) augmented 

by video, with both artificial intelligence (on-board processing) 
and man-in- the- loop; 2) SLR augmented, as above, by video and SLR 
on its own. An IMD is always assumed. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


Table 2.6-1 Support Research and Technology Cost and Schedule 


Final Option 


Task Title 


STRUCTURIS 

Cozapoalte Material Characterization 
Composite Joint Study 

Failure Analysis for Composite Structures 
Finite Elements for Composite Structures 
Composite Honeycomb Assurance 
Honeycomb Core Optimization 
Lightweight Shell Structures 

Investigate Facture Toughness of Thin-Cage 
Titanium, 6A1-4V 

Composite Helium Pressurization Vessel 

Crack Detection Sensitivity for Thin-Gage 
Liners 6 Joints 

Analytical Methods for Composite Pressure 
Vessels 

Liner Bonding for Helium Pressurization 
Vessel 

Liner Manufacturing for the He Pressuriza- 
tion Vessel 

Composite Overvrapped Tank Assurance 
Propellant Behavior in Elastic Tanks 
Dock 6 Capture of Elastic Spin. Satellites 


Reusability of Multilayer Insulation 
Reusability of Tug Coatings 


AVOKXCS 

Rendezvous & Docking 
Remote Manned and Autonomous Docking 
Docking Strategies Assessment 

Propellant Slosh Effects in Lov-g Environ- X 
sent 

RF Target Signatures 

§LR Receiver Application as a Star Tracker 

A -19 Moving-Base Docking Simulation 

Guidance 1 navigation 

A-6 Terminal Phase Rendezvous Ksvigation A 
Guidance r ... * _ 

A- 7 Strategy Assessment for Hi&h-Voluae Tug X 

Operations 

A-8 Target Vehicle Signatures as Star Tracker 
Targets 

A-9 Autonomous Navigation Technology for Space 
Tug 

A-10 Inertial Measurement Units Evaluation & 
Selection 



Est 

Cost, 

$K 

Schedule , 
m 

169 

18 

82 

12 

264 

qo 

•— t 

316 

16 

150 

14 

66 

9 

392 

22 

240 

18 


105 18 

211 16 

52 11 

66 6 

158 11 

85 16 

127 16 


323 18 

333 18 


X 1,070 16 

815 36 

257 18 

X 220 15 

194 12 

3,400 36 

X 257 24 

475 24 

; 96 12 

; 106 12 

1,055 13 
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(concl) 


a GJu £*• C * 


Final Option 


Tiik 


n 

2 

13 

3A 

Est 


Talk Title 

Eg 

B 

m 

B 

EH 

m 

m 

m 

$K 

m 


AVIOn CS (concl) 

Cc ecus i cat ions 6 Data Management 

■ 





1 

1 




a-i: 

Planar Array Antenna 

X 


X 


X 

■ 

B 


99 

12 

A— 12 

Cc e-Way Doppler 6 Emergency Command Receiver 

X 


X 


X 


X 


242 

15 

A- 12 

Flexible Signal Interface 

X 


X 


X 


X 


466 

18 


Electrical Power 











A~K 

Design of Roll-Up Solar-Array Systes 

• 


X 


X 

■ 



395 

16 

A- 15 

**Blue M Solar-Cell Evaluation 



X 


X 




42 

6 

A-i* 

Lartery Development 6 Evaluation 

X 


X 


X 




170 

18 

A^l 7 

Multiplexed Power Diet Control A Monitor- 
ing System Development 

X 


X 


X 

1 

B 


260 

12 

A~1S 

Electromechanical Umbilical Connection 
System 

X 


X 


X 




255 

14 


FLIGHT OPERATIONS 




■ 



■ 

■ 



F-I 

C-per ability Analysis 

X 


X 

■ 

X 


I 

■ 




PROPULSION 

■ 

■ 

■ 

■ 

■ 

■ 

■ 





Main Propulsion S vs tee (MPS) 

■ 

■ 

■ 

m 

■ 

■ 





?-l 

Lc-g-Lif e Turbo Pump Assembly 

X 


X 


X 


B 


1,000 

15 

P-2 

Dene of Eng Restart Capability with Mis- 
sion Duty Cycle 

X 


X 


X 


X 


1,500 

18 

P-3 

Higr-Area-Ra tio Nozzle Performance 



X 



X 


X 

1,000 

12 

P-4 

Engine Life* Maintenance &* Refurbishment 

X 


X 


X 


X 


200 

6 

P-5 

Evaluation of Inspection* Cleaning* Mainte- 
nance for Propellant Management Device 

X 


X 

* 

X 


X 


49 

12 

P-6 

Propellant Management Device Evaluation 

X 


X 


X 


X 


21 

4 

P-7 

Evaluation of Propellant Utilization System 

X 


X 


X 


X 


49 

8 

P-8 

Propellant Dump Technology 

X 


X 


X 


X 


128 

12 

P-9 

Propellant Coapatibllity & Corrosion 

X 


X 


X 


X 


180 

16 

P-10 

Effects of Engine Exhaust on Spacecraft 

X 


X 


X 


X 


237 

16 

F-U 

Fab Technology for Tug Propellant Kgat 

tk vices 

X 


X 


X 


X 


271 

10 


Attitude-Control Propulsion Systea (ACPS) 











P-U 

hydrazine Thruster Life 6 Reuse Demo Program 

X 


X 


X 


X 


400 

12 

P-13 

Propellant Compatibility 6 Corrosion 

X 


X 


X 


X 


132 

15 

P-14 

Evaluation of Inspection* Cleaning* Maine 
for Propellant Management Device 

X 


X 


X 


X 


50 

8 

P-13 

Propellant Management Device Evaluation 

X 


X 


X 


X 


17 

4 


EASOTACTURIHC 











58-1 

Improved Held Technology, Domes A Barrels 

X 


X 


X 


X 


74 

18 

>8-2 

Composite Structure Development 

X 


X 


X 


X 


86 

18 

M-3 

Dae- Piece Dome Fabrication, 2219 At A 6-4 Ti 







X 


159 

18 

>8-4 

Screen Surface-Tension Device, Tank 

X 


X 


X 1 


X 


54 

18 


Total Final Option 1 - 1979 IOC 
Total Final Option 2 - 1983 IOC 
Total Final Option 3-- 1979 IOC 
- 1983 IOC 

Total Final Option 3A - 1979 IOC 
- 1983 IOC 






L 



12,166 

19,802 

12,042 

7,760 

12,201 

7,760 
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Nominal and perturbed docking runs will be made. The pertubations 
are intended to cover those deviations in initial conditions and 
sensor and communication performance that are within specification. 
This effort will not include a single-point failure analysis. 

The required schedule for Task A-19 is 36 months, and the esti- 
mated cost is $3,400,000. The cost is based on 750 man months of 
labor, $200,000 for computer, $175, Q00 for material, and $70,000 
for hardware. 


3.0 


ADDITIONAL ANALYSIS 


Additional analysis work that has been accomplished between the 
September Selected Option Data Dump (Ref 5.8) and submittal of this 
final report is summarized in the following paragraphs. 

3.1 FINAL OPTION 3 ENGINE SENSITIVITY STUDY 

3.1.1 Introduction 

The Final Option 3 baseline is a phase-developed program that in- 
cludes phasing of the engine from an OME 240 in the Phased Tug- 
Final. The rationale for phasing thfe engine was to minimize peak 
funding requirements early in the program. 

The Selected Option Data Dump (Ref 5.8) included an engine sensi- 
tivity study that considered the impa ( 't of not phasing the engine. 
Three engines were considered. The results presented at that time 
are summarized in Table 3.1-1; additional details are presented in 
Vol 5.0, Sect. II, pages 6-1 through 6-8 of Ref 5.8. 

Not Dhasing the engine results in savings in DDT&E costs and a re- 
duction in yearly peak funding requirements. However, we were 
unable to select an engine at that time because total programmatics, 
including capture analysis and its effect on Tug and Shuttle costs 
had not been considered in the sensitivity study. (Note that the 
OME 240 and 8096B-2 show greater savings in engine costs than the 
Class I, but have less performance capability.) 

The following paragraphs summarize the results of an engine sensi- 
tivity study for Final Option 3, based on total programmatics. 
Updated engine and vehicle performance data are also incorporated. 
Additional details are presented in Martin Marietta letter 
73Y-81.182, dated October 19» 1973, Contract NAS8- 29675, Option 3 
Engine Sensitivity Study. 

*' 3.1.2 ” Summary of Results 

Results are summarized in Table 3.1-2. Using a Class I engine in 
both the Phased Tug-Initial anJ Phased Tug-Final not only reduces 
the DDT&E costs by $36.2 million, but also reduces the number of 
flights required, resulting in lower transportation costs. 

Use of the OME 240 or 8096B-2 engines in both the Phased Tug- 
Initial and Phased Tug-Final, results in lower DDT&E costs than 
the Class I (phased or not phased), but the number of flights - 
is increased due to the lower performance, resulting in higher 
transportation and total program costs. 

3.1.3 Recommendation 

It is recommended that the Class I engine be used in both the 
Phased Tug-Initial and Phased Tug-Final for Final Option 3. 


3-1 


Table 2.1-1 Engine Sensitivity to Hot Phasing Engines 


Configuration 

Pa rant ter of Inte7e#^'" ,,,,,, *^^ 

Final Option 3 

Baseline* 

Final Opi ion 3 
vi:h OME 240 
Engine 

Final Option 3 
with Class 1 
Engine 

Final Option 3 
with 80965-2 
Engine 

Performance Capability 





Delivery' 1979, lb (kg) 

4400 (1996) 

4400 (1996) 

5710 (2590) 

5990 (2717) 

Delivery 1983, lb (kg) 

600C (2722) 

4690 (2127) 

6000 (2722) 

5410 (2454) 

Retrieval 1983, lb (kg) 

1600 (516. 5) 

1230 (560.6) 

1800 (816.5) 

1550 (703) 

Cost Delta, SM 





DDT 41 


-61.29 

-36.17 

-56.09 

Investment 


- 1.59 

- 1.59 

- 2.79 

Operations 


-12.10 

- 4.22 

-19.51 

Total 


-74.98 

-41.98 

-78.39 

Schedule Effect 


OME 240 - No effect 

CUts I - First flight vehicles hsve PFC performance 
8096B-2 - No effect 

Technology Requirements 

No significant difference between engine options 


*OHE 240 phased to Class I. 


Table 2.1-2 Surmary of Results of Engine Sensitivity Study 


Geostationary Performance Capability 
Delivery 1979, lb (kg) 

Delivery 1983, lb (kg) 

Retrieval 1983, lb (kg) 

Number of Flights 

Tug Fleet Size 

Delta Engine Costs, $M 
DDT6E 
Production 
Operations 


Total Delta 


Delta Tug Coats, $M 
Delta Shuttle Coats, $M 
Delta Program Costa, $M 


•Baseline: OME 240 phased to Class 1. 


baseline* 


4400 (1996) 
6000 (2722) 


OME 240 

Class l 

8096B-2 

4400 (1996) 

5700 (2585) 

4900 (2223) 

4500 (2041) 

6000 (2722) 

5100 (2313) 

1200 (544.3) 

1800 (816.5) 

1450 (657.7) 

391 

344 

375 

18 

16 

16 

-60.3 

-36.2 

-60.3 

- 0.1 

- 0.8 

- 3.5 

- 0.3 

0.0 

- 5.7 

[ -60 . 7 

-37.6 

-69.5 

+48.1 

-7.3 

+33.6 

4409.5 

-94.5 

+241.5 

+366.9 

-138.8 , 

+205.6 
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FINAL OPTION 3 SPECIAL SENSITIVITY STUDY (3SS-1) - IOC 1980 


3.2.1 Introduction 

The Initial Operational Capability (IOC) for the Final Option 3 
baseline is December 1979 (ETR) . An IOC sensitivity study option 
was presented in the Selected Option Data Durrp (Ref 5.8), which 
showed the Impact on funding requirements if the IOC date were 
slipped two years (Fig. 3.2-1). This shoved that yearly funding 
requirements could be reduced; however, IOC dates for WTR and the 
Phased Tug-Final were delayed. This delay is undesirable for 
mission accomplishment and programmatics. A "valley" in the 
funding requirement occurs between peaks, similar to Final Option 
3. It appears that the valley would be eliminated if all except 
the initial Final Option 3 IOC dates were retained. In additioii, 
the sensitivity study indicated that there was no advantage in 
slipping the ETR IOC date more than ons year. 

The purpose of this special sensitivity study, referred to as 
Option 3SS-1, is to determine the Impact of delaying the IOC at 
ETR one year, while maintaining the Final Option 3 IOC dates for 
WTR and the Phased Tug-Final. There are no Shuttle restrictions 
on the number of flights in the first two years of operations; 
however, a reasonable build-up in Tug flights is Included. Study 
details are presented in Martin Marietta letter 73Y-81 ,232 , dated 
November 9, 1973, Contract NAS8-29675, Additional Cost and 
Schedule Data. 

3.2.2* Summary* of Results 

Figure 3.2-2 presents the, funding requirements for Option 3SS-1. 
The IOC for ETR has been delayed one year relative to Final Option 
3, while the IOC for WTR and the Phased Tug-Final remain the same. 
A launch-rate build-up in the firs ( two years of operations has 
been -Included. Funding requirements for DDT&E peak at $66. 5M in 
FY 1979; the total funding requirements peak at $95M in FY 1981- 
1982. Note that there is no "valley" between the two peaks. This 
option provides a reasonable build-up in peak funding require- 
ments. , , 

Figure 3.2-3 compares the total funding requirements for Option 
3SS-1 with the Final Option 3 baseline and the IOC sensitivity- 
study option presented in the Selected Option Data Dump (Ref 5.8). 
Delaying the Option 3SS-1 ETR IOC one year reduces the peak DDT&E 
funding requirement (relative to the Final Option 3 baseline) by 
$24M, which is approximately the same as that for the IOC sensi- 
tivity study option. The level in total peak funding requirements 
remains the same as the Final Option 3 baseline and the IOC sensi- 
tivity study option; however, the peak occurs at the same time as 
the Final Option 3 baseline (two years earlier than the IOC sensi- 
tivity study option) . 
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Option 3SS-1 provides the advantages of low DDT&E peak funding 
early in the program (similar to the IOC sensitivity study option) 
earlier operational capability at WTR and for the Phased Tug-Final 
than the IOC sensitivity study option, and eliminates the valley 
between funding peaks. 

Table 3.2-1 compares total costs for Option 3SS-1 with the Final 
Option 3 baseline. DDT&E costs for Option 3SS-1 are sllgjhtly 
higher because the span time for level-of -effort tasks to develop 
the Phased Tug-Initial is Increased by one year. This is somewhat 
offset by using only one shift to build the first Tug and major 
test articles. Production costs are reduced because fewer kick 
stages and separation modules are required. Operations costs are 
reduced because the operational span time is one year shorter and 
a build-up of crew size is used. The number of flights is reduced 
by 13 due to the elimination of three flights in 1980 and the 
build-up in 1981 and 1982. 


Table 3.2-1 Cost Comparison 



Final Option 3 
Baseline, $M 

Final Option 
3SS-1 , $M 

Tug Costs 
DDT&E 

354 

361 

Production 

209 

204 

Operations 

318 

295 

Total Tug 

881 

860 

Number of Flights 

352 

339 

Operations Cost/Flight 

0.90 

0.87 

Shuttle Costs 

3696 

3560 

Transportation Cost 

4577 

4420 


3.2.3 Recommendation 


Option 3SS-1 is recommended over the Final Option 3 baseline and 

the IOC sensitivity study option for the following reasons: 

1) Early DDT&E peak funding is reduced relative to Final Option 3 

2) The operational capability for KTR and the Phased Tug-Final 
is retained (two years earlier than the IOC sensitivity study 
option) . 

3) The valley between peak funding requirements is eliminated, 
providing a reasonable build-up in peak funding requirements. 

4) A reasonable build-up in flight rate and crew size is provided 
at both ETR and KTR. 
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FINAL OPTION 3 SPECIAL SENSITIVITY STUDY (3SS-2) - IOC 1980, ENGINE 
NOT PHASED 

3.3.1 Introduction 

A special sensitivity study (Option 3SS-1, para 3.2) indicated that 
a phased development program with an initial IOC date of December 
1980 and final IOC date of December 1983, provided a more reasonable 
funding distribution than either the Final Option 3 baseline or 
its IOC sensitivity study option presented in the Selected Option 
Data Dump (Ref 5.8). Operational costs were also reduced by build** 
ing up the launch rate and crew size at ETR in 1981 and 1982. 

Engine sensitivity studies (para 3.1) indicated that the engine 
should not be phased and that the Class I engine should be used 
for both the Phased Tug-Initial and Phased Tug-Final (Table 3.1-2). 
This will reduce DDT&E costs. 

The purpose of this special sensitivity study was to combine the 
sensitivity studies previously discussed to provide programmatics 
for a phased development program with an initial IOC date of, 
December 31, 1980, and a final IOC date of December 31, 1983. 
with the Class I engine not phased. This special sensitivity 
study is referred to as Option 3SS-2. Additional study details 
are presented in Martin Marietta letter 73Y-81, 239, dated November 
14, 1973, Contract NAS8-29675, Additional Cost and Schedule Data, 
Engine Not Phased. 

3.3.2 Summary of Resnxlts 

Figure 3.3-1 presents the funding requirements for Option 3SS-2. 

The IOC for ETR has been delayed one year relative to Final Option 
3, while the IOC dates for WTR and the Phased Tug-Final remain the 
same. The Class I engine is not phased. Launch rate limitations 
in the first two years of operation are the same as in Option 3SS-1. 
Funding requirements for DDT&E peak at $74.1 million in FY 1979; 
total funding requirements peak at $87.8 million in FY 1981. This 
option provides a reasonable build-up in yearly funding require- 
ments similar to Option 3SS-1. 

Figure 3.3-2 compares the DDT&E and total funding requirements 
for Option 3SS-2 with the Final Option 3 baseline. As was the 
case with" Option 3SS-1, delaying the IOC date one year reduces 
DDT&E peak funding requirements. Because the second engine devel- 
opment is not required, DDT&E costs are wduced in the FY 1981- 
1982 time period, lowering the total peak funding requirements. 

The valley between the peaks shown for the Final Option 3 baseline 
is eliminated in Option 3SS-2, providing a more reasonable funding 
distribution. 
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Table 3.3-1 compares total costs for Option 3SS-2 with the Final 
Option 3 baseline and Option 3SS-1. DDT&E costs are reduced by 
not phasing the engine (-$36 million) ; however, this is somewhat 
offset by Increasing the DDT&E span time relative to the Final 
Option 3 baseline (+$7 million) . Production costs are reduced 
slightly (relative to Final Option 3 baseline) due to learning- 
curve effects on the engines and reduction of separation modules. 
As was the case in Option 3SS-1, operations costs are reduced 
because the operational span time is reduced one year and a build- 
up of crew size is used. 


Table 3.3-1 Cost Comparison x 



Final Option 3 
Baseline 

Option 3SS-1 

Option 3SS-2 

Tug Costs, $M 
DDT&E 

354 

361 

325 

Production 

209 

204 

208 

Operations 

318 

295 

295 

Total Tug 

881 

860 

828 

Number of Flights 

352 

339 

336 

Operations Cost/Flight 

0.90 

0.87 

0.88 

Shuttle Costs 

3696 

3560 

3528 

Transportation' Costs 

4577 

4420 

4356 


The number of flights is reduced due to the elimination of' three 
flights in 1980, the build-up in 1981, and the increased performance 
capability of the Phased Tug-Initial with the Class I engine. 

Option 3SS-2 requires three fewer flights for 100% in 1983 and 
achieves 100% capture in 1982 with the build-up limitations imposed. 
(Option 3SS-1 does not achieve 100% capture in 1982.) 

3.3.3 Recommendat ion 

Option 3SS-2 is recommended over the Final Optics 3 baseline and 
Option 3SS-1 for the following reasons: 

1) Early DDT&E peak funding is reduced relative to the Final 
Option 3 baseline . 

2) DDT&E costs are reduced by not phasing the engine. 

3) The operational capability for WTR and Phased Tug-Final is 
retained. 

4) The valley between peak funding requirements is eliminated, 
providing a reasonable build-up in peak funding requirements. 
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5) A reasonable build-up in flight rate and crew size is provided 
at both ETR and WTR; 100% capture is achieved in 1982. 

6) The number of flights required to achieve 100% capture in 1983 
is reduced. 


3.4 


CENTRALIZED TUG MAINTENANCE AND CHECKOUT FACILITY TRADE STUDY 


3.4.1 Introduction 


The purpose of this study was to investigate the feasibility of 
using a centralized tug maintenance and checkout facility (CTMCF) , 
as opposed to separate maintenance and checkout operations at both 
KSC and WTR, the following items were considered: 

1) Active fleet size; 

2) Crew size and skill mix; 

3) Facility and GSE requirements; 

4) Logistics support, depot activities, and spares provisioning; 

5) Tug turnaround time and active fleet size impacts; 

6) Hazards or risks associated with additional handling and 

transportation; 

7) Major Tug overhaul/refurbishment; 

8) Launch site activities. 

Additional details are presented in Martin Marietta letter 
73Y-81, 129, dated October 8, 1973, Contract NAS8-29675, Space 
Tug Central Checkout Facility Trade Study. 

3.4.2 Summary of Results 

The CTMCF concept is a realistic and economical approach to Tug 
maintenance and checkout. Final Options 2, 3, and 3A realize a 
substantial savings in total program costs. In adapting to a 
central facility. Final Option 1 would cause an increase of less 
than $1M in total program cost. Table 3.4-1 summarizes the major 
cost deltas that would be realized if a CTMCF concept were adopted. 

All costs are directly related to data presented in Vol 6.0, 

Sect. TI, and Vol 8.0, Sect. II of Ref 5.8, and are listed in 
thousands of dollars. 
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Table 3.4-1 Delta Cost Suirmary 



Cost, $ Thousands | 


Final 
Option 1 

Final 
Option 2 

Final 
Option 3 

Final 
Option 3A 

Net Reduction - Active 
Tug Fleet 

0 

■ 


mm 

Savings - Production 

0* 

1 

8,375 


Savings - Operations 

-5,958 



I 

Savings - Facilities 

5,160 

KjBjm 



Total Savings 

- 798 

22,268 

29,576 

33,693 


The advantages of going to a centralized checkout facility outweigh 
those for separate facilities, both from a programmatics and an 
operational standpoint. Program cost will be lower as a result 
of reducing GSE, number of Tugs required in the active fleet, and, 
depending on launch rate, the number of personnel requir&4. One 
of the biggest advantages not directly relatable to cost is the 
efficiency and consistency obtained by doing all maintenance, re- 
furbishment, and basic Tug checkout at one facility. The problems 
that arise as a result of two separate facilities; i.e., configura- 
tion control, inventory, software and procedure update, crew 
training, etc are virtually eliminated. 

The location selected for this centralized facility can affect -Tug 
fleet size; therefore, it is recommended that the centralized 
facility he at the most active Tug launch site. 

3.4.3 Recommendat ion 

It is recommended that, for optimum use of Tug-related hardware, 
manpower, and program resources, a central maintenance and check- 
out facility concept be adopted and that it be located at KSC. 


■ V 
<- ■, ■ 
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TUG PROPELLANT LOADING LOCATION TRADE STUDY 


3.5.1 Introduction 

The purpose of this trade study was to Investigate the merits of 
loading a storable-propellant (hypergollc) Space Tug In various 
locations at the launch site. Four locations were considered for 
Tug propellant loading: 

1) On Orbiter with cargo bay doors open; 

2) On Orbiter with cargo bay doors closed; 

3) On pad in payload changeout unit on access tower; 

A) Off pad in propellant loading area. 

The following items were considered for each of the four loading 
locations : 

1) Safety;’ 

2) Shuttle timelines; 

3) Servicing interfaces; 

4) Storage capability; 

5) Spills during loading; 

6) Reliability; 

7) GSE; 

8) Facilities; 

9) Tug weight end cost; 

10) Access; 

U) Crew size; 

12) Operational costs; 

13) Cleanliness ; 


14) Security. 


3.5.2 Summary of Results 


While Tug propellant loading has some advantages at each of the four 
locations studied, propellant loading on the pad appeared to have 
several distinct advantages over loading at other locations • The 
preferred propellant loading location, in decreasing order of 
preference, is: 

1) On pad in payload changeout unit on access tower; 

9 

2) On orbiter with cargo bay doors open; 

3) Off pad in propellant loading area; 

4) On Orbiter with cargo bay doors closed. 

3.5.3 Conclusions 


The advantages of Tug propellant loading on the launch pad out- 
weigh propellant loading on the Orbiter and off the pad. Pro- 
gram costs can be reduced below costs involved in off-pad loading, 
and Tug access and safety are improved over loading on the Orbiter 
with the doors open. 

By coupling this approach with the centralized tug maintenance 
and checkout facility (CTMCF) , all of Tug-oriented facilities at 
WTR can be eliminated. After WTR receives the Tug from the CTMCF, 
it would be placed in the on-pad clean room for R&I «nH systems- 
level checks. The spacecraft would then be mated, systems checks 
performed, propellant loaded, and the payload mated to the Orbiter. 
This same approach could be used at KSC to reduce, the number of 
test cells and the size of the Tug MCF. 
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3.6 


COST SAVINGS 


3.6.1 Introduction 

The cost estimates for the final options were based on certain 
assumptions and ground rules, some of which we believe to be con- 
servative. After the Selected Option Data Dump (Ref 5.8), the 
ground rules and assumptions were reviewed and potential cost 
savings identified relative to each final option. 

3.6.2 Summary of Results 

Table 3.6-1 presents a list of potential cost savings relative to 
each final option as presented in the Selected Option Data Dump 
(Ref 5.8), and a brief discussion of the rationale for each. The 
items are presented so that cost savings are additive. 

3.6.3 Recommendation 

It is recommended that the cost savings shown in Table 3.6-1 be 
incorporated. The resulting revised cost summary is presented in 
Table 3.6-2 to show the total effect of the cost savings. DDT&E 
costs for kick stages are not Included. 
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Table 3.6~1 S unwary of Cost Savings for All Final Options 
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cs— le*> In— 30S of curr— t cut 
of FLF. 


Savings, I ThousAJid 
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Table ?. €-2 Revised Cast Surmaru 



Costs, $M 


Revised 
Option 1 

Revised 
Option 2 

Revised 
Option 3 

Revised 
Option 3A 

Tug Costs 
SRT 
DDT4E 

Production 

Operations 

(12.2) 

183 

15.8 

224 

(19.8) 

254 

153 

208 

(19.8) 

263 

190 

256 

(20.0) 

286 

361 

261 

Total 

565 

615 

709 

908 

Number of Flights 

227 

254 

336 

331 

Average Ops Cost per Flight 

0.99 

0.82 

0.76 

0.79 

Shuttle Costs 

2384 

2667 

3528 

3476 

transportation Cost 

2949 

3282 

4237 

4384 

( ) Not Included in totals 









Revised Option Definitions 


3.7.1 Introduction 

The sensitivity studies presented in the Selected Option Data 
Dump (Ref 5.8) and additional analysis presented in this report 
Indicate that the final option definitions should be revised as 
follows : 

- Delete life test article and thermal-effects test article; 

9 

- Assume no cradle attrition; 

- Load propellants and install spacecraft on pad (but out of Orbiter); 

- Use central tug maintenance and checkout facility (CTMCF) , use 
existing facility, delete Class 100,000 cleanliness require- 
ment ; 

- Assume control-center equipment and maintenance provided as GFP 
(existing equipment); 

- Assume control-center crew provided by the government; do not 
include in Tug costs; 

- Train NASA and DOD crews jointly; 

- Do not include DDT&E costs for kick stages in Tug costs ; 

/ 

- For Option 2, start DDT&E one year earlier; 

- For Options 3 and 3A, do not phase the engine, delay initial IOC 
one year, do not provide 1002 capture in 1981; 

- Perform acceptance testing in CTMCF. 

Accordingly, this section presents the "revised option definition," 
which Incorporate these revised ground rules and assumptions. 

' 3.7.2 Summary of Results 

• Table 3. 7-1 presents the requirements for the revised option defi- 
nitions.-Cost savings items are identified in paragraph 3.6.1. 

; ^Because all Tug candidates (interim, cryogenic, or storable) 

‘/require kick stages, which are not well defined, DDT&E costs 
y for kick stages are not included in the total costs. DDT&E is 
started one year earlier in Revised Option 2 to reduce annual 
peak funding requirements. The engine is not phased in Revised 
Options 3 and 3A, and the IOC for the Phased Tug-Initial at ETR 
is delayed one year. A build-up in flight rate and crew size 
is al .60 provided at WTR and ETR rather than drive the program 
directly to 100% capture in 1981. 


Table 3, 7-1 Revised Option Definitione and Rcquircmen 
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Table 3.7-2 presents a summary of the revised option definitions, 
including physical characteristics, performance capability, and 
identification of major subsystems. Dry weights and performance 
capabilities for the initial delivery Tugs in Options 3 and 3A 
have been revised as a result of using the Class 1 engine. 

Table 3.7-3 presents the significant programmatic factors for the 
revised option definitions. The operational span time for Revised 
Options 3 and 3A, has been reduced from 11 to 10 years by delaying 
the initial IOC. Crew sizes have been reduced, except for Option 
1, by use of a centralized tug maintenance and checkout facility 
(CTMCF) . The number of flights for* Revised Options 3 and 3A have 
been reduced as a result of not phasing the engine, the shorter 
operational span time t and not driving the program to 100% cap- 
ture in 1981. Fleet ?lze for Revised Options 2, 3, and 3A have 
been reduced by one Tug as a result of using the CTMCF. 

Table 3.7-4 presents the cost summary for the revised option 
definitions. DDT&E costs for the kick stages are not Included. 

Tug costs have been reduced as a result of the cost savings 
identified in paragraph 3.7.1. Shuttle costs for Options 3 and 
3A have been reduced as a result of the reduction in the number 
of flights required (Table 3.7-3). 

3.7.3 Discussion 

The following paragraphs present the differences between the 
final option definitions and revised option definitions. If no 
differences are indicated, there are none. 

3. 7. 3.1 Op tion 1 - Cost savings relative to the final option 
def ini tions are presented in paragraph 3.6. Costs for Revised 
Option 1 were determined to be: 

Dollars, Millions 



DDT&E 

Production 

Operations 

Total 

Final Option 1 

236.8 

166.1 

242.2 

645.1 

Less Kick-Stage DDT&E 

-26.1 



-26.1 

Subtotal 

210.7 

166.1 

242.2 

619.0 

Cost Savings (para 3.6) 

-27.9 

' -8.5 

-17.8 

-54.2 

Revised Option 1 

182.8 

157.6 

224.4 

564.8 
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Table 3.7-8 Swmary of Revised Option Definitions 
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capability to geostationary orbit 





























































Table 2. 7-2 Prograrmatia Factors for Revised Option Definitions 



Revised 
Option 1 

Revised 
Option 2 

Revised 
Option 3 

Revised 
Option 3A 

Launch Operations 





(Years) 

11 

7 

10 

10 

Craw Size 
ETR CTMCF 

69 

69 

69 

69 

ETR Launch Sits 

55 

55 

55 

CO 

WTR Launch Sits 

48 

55 

55 

60 



71 ' nr 


Total 

172 

*179 

179 

189 

Number of Flights* 





NASA 

119 

139 

185 

180 

DOD 

108 

115 

151 

151 


"■ 

L 1 

■' 

Total 

227 

254 

336 

331 

Expendables 


1 \ 



Tugs (Main Stage) 

10 

6 

8 

8 

Kick Stage 10 

3 

5 

5 

5 

Kick Stage 1.5 

4 

— 

— 

— 

Kick Stage 10/1.5 

4 

— 

4 

4 

Drop Tanks 

— 

— 

— 

279 

Fleet Size 





Tugs (Main Stage) 

15 

12 

15 

15 

*Note: Includes reli- 





ability losses 

3 

3 

4 

4 


Table 2.7-4 Cost Swmtary for Revised Option Definitions 



Costs, $M 

, 

Revised 
Option 1 

Revised 
Option 2 

Revised 
Option 3 

Revised 
Option 3A 

Tug Costs 
SRI 
DDT&E 

Production 

Operations 

(12.2) 

183 

158 

224 

(19.8) 

254 

153 

208 

(19.8) 

263 

190 

256 

(20.0) 

286 

361 

261 

•3otal* • .it 

*;*-■*» . ► ■* 

565 

615 

709 

908 

• 'Wvanber-of Flights 

121 

254 

336 

331 

Average Operations 
Cost per Flight 

0.99 

0.82 

0.76 

n.79 

Shuttle Costs 

2384 

2667 

3528 

3476 

Transportation Cost 

2949 

3282 

4237 

4384 

( ) Not Included in total 
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3. 7.3.2 Option 2 - Sensitivity studies indicate that peak funding 
can be reduced by starting DDT&E one year earlier (Ref 5.8, Vol 
2.0, pages 2-162, 2-163, 2-188, and 2-189). This program is 
reconmended for Revised Option 2. 

t 

Cost savings relative to the final option definitions are pre- 
sented in paragraph 3.6. Costs for Revised Option 2 were deter- 
nined to be: 


Dollars, Millions 


Final Option 2 
Less Rick-Stage DDT&E 

DDT&E 

297.7 

-18.1 

.Production 

169.1 

Operations 

233.7 

Total 

700.5 

-18.1 

Subtotal 

279.6 

169.1 

233.7 

682.4 

Cost Savings (para 3.6) 

-25 ,1 

-16.3 

-26.0 

-67.4 

Revised Option 2 

254.5 

152.8 

207.7 

615.0 

3. 7. 3. 3 Options 3 and 3A 

- Paragraph 3.1 presents the effects 


of not phasing the engine on Final Option 3; paragraph 3.2 pre- 
sents the effects of delaying the 10C at ETR or 1 ? year and re- 
stricting the number of flights in 1981. Paragraph 3.3 presents 
the combined effects of these two sensitivity studies on Final 
Option 3. This program is recommended for Revised Option 3; a 
similar program is recoonended for Revised Option 3A. 

Because the Class 1 engine is used for the Phased Tug- Initial, 
Tug dry weights and geostationary delivery capabilities are 
improved as follows: 




Final Option 

Revised Option 



lb 



lb 


Option 3 
Dry Weight 


2,934 

1,331 

2,804 

1,272 

Performance 

Capability 

4,400 

1,996 

5,700 

3,585 

Option 3A 
Dry Weight 


4,004 

1,816 

3,874 

1,757 

Performance 

Capability 

4,900 

2,223 

5,900 

2,676 


Figures 3.7-1 and 3.7-2 present the Phased Tug-Initial performance 
capability charts for Revised Options 3 and 3A, respectively. 
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Velocity above Shuttle Part Orbit 1160-n-mi 12%. Mm) clrclel. 1000 fps (1000 mk) 

Figure 3. 7-1 Revised Option 3 Performance, Phased Tug-Initial with Class I Engine 




e ® V 


fed! 


a (122) 8(2.44) 12 0.65) 16 (4. Ml 20 (6. ID) 24 (7. 3 2) 28 (8. 531 

Velocity above Shuttle Park Orbit 1160 n-mi (2%3-ton) Circle). 1000 fps 0000 mis) 

3. 7-2 Revised Options 3A Performance Phased Tug-Initial with Class I Engine 



Table 3.7-5 compares the number of flights required for 1002 
capture, and with prop,raranatlcs considered. The revised options 
require fewer flights during the first four years of delivery 
operations due to the increased performance capability of the 
Phased Tug-Initial using the Class I engine. Programmatics for 
the final option definitions limit the number of flights to three 
in 1980; 100% capture is achieved in 1981. Programmatics for the 
revised options eliminate the three flights in 1980, due to the 
delayed IOC, and limits the flights in 1981 rather than drive the 
program to 100% capture; 100% capture is achieved in 1982. 

Table 3.7-6 compares the mission accomplishment in terms of the 
spacecraft delivered and retrieved. Programmatics considerations 
limit the number of spacecraft delivered in 1980 for the final 
options. Hone are delivered in 1980 for the revised option end 
the number of spacecraft delivered in 1981 is limited; 100% cap- 
ture is achieved for retrieval in both cases. 

Cost savings relative to the final option definitions are pre- 
sented in paragraph 3.6. Costs for Revised Option 3 were deter- 
mined to be: 


Dollars, Millions 



DDT&E 

Production 

Operations 

Total 

Final Option 3 

353.7 

209.3 

318.3 

881.3 

Less Kick-Stage DDT&E 

-26.1 



-26.1 

Subtotal 

327.6 

209.3 

318.3 

885.2 

Cost Savings (park 3.6) 

-64.6 

-18.7 

-62.5 

-145.8 

Revised Option 3 

263.0 

190.6 

255.8 

709.4 

Costs for Revised Option 

3A were determined 

as follows: 



Dollars 

i. Millions 




DDT&E 

Production 

Operations 

Total 

Final Option 3A 

380.6 

388.2 

326.8 

1095.6 

Less Kick-Stage DDT&E 

-26.1 



-26.1 

- . < Subtotal 

354.5 

388.2 

326.8 

1069.5 

-Y*. Cost Savings (para 3.6) 

-68.9 

-26.9 

-66.2 

-162.0 

Revised Option 3A 

285.6 

361.3 

260.6 

907.5 


fer 




3-28 


! 


so 


CM 

NO 

NO 

in 

in 

CO 

CO 

CO 

co 

CO 


m in 
co co 


co co 

<r «o 


on O' 
to co 


v© vo 
co co 


vO vO 
PO CO 


lA IO 
CO CO 


ON ON 
CO CO 


* * 
o o 
-a- 


ON ON 

co ro 


CO CO 


* * 
00 CD 
co co 


♦ « 
00 00 
co co 




to 

-it 

*ts 

CO 

ON 

§ 

H 

to 

CO 

CD 

co, 

s? 

ON 

O 

H | 



•iA 



CO co 
•a -o 


ON VO 
CM CM 


CO CO 


' m 

ON r* 
CM CM 


co ro 

<r sr 


in 

CM CM 


CO co 
<r 


A* VO 
CM CM 


« 

O r- 

CM *H 


* 

ON VO 


^ M; r- ON 



•s 

O 

N 

Cr 

00 


CB 

ON 


ft: 

rM 


4A * 

•c 

ff 

• 

•ri 



H o CO o 

CM CM 


O ON 
CM r-t 


§ 

Cl c -H 

t O <u 

< £ U © 
" J o% 

go Ql 

O H CD 

M ** <8 «h 

H O C > 
ft< O H 01 
O -t ft- PC 


1 1 

o c 
— o 


e © *0 

C o 

»- ^ a 

to e -h 

£ c > 

U -W (*j 

ft- ft- 06 


i 

t 



Table 3. 7-6 Mission Accomplishment for Options 3 and 3A 


Spacecraft Delivered 


NASA 

DOD 

Total 

Spacecraft Retrieved 


NASA 


I Mill 


Total 


Total Spacecraft 


3.7.4 Recommendations 


Programmatic Capture 

Final Option 

Revised Option 

’189 

181 

167 

162 

356 

343 

87 

87 

84 

84 

171 

171 

527 

514 


Final option definitions presented in the Selected Option Data 
Dump (Ref 5.8) have been revised to incorporate the reaulta of 
sensitivity studies and additional analysis. These revisions 
are referred to as revised option definitions and represent our 
recommendation for the best Space Tug (Storable) for each appro 
prlate progvanmatic option. 
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■Ajtcssncnt of POD ProRramnatic* 


3.8.1 Intr oduction 

Tb« Selected. Option Data Dump (Ref 5.8) Included schedule and 
cost data based on DOD prograsnatlcs ; however, In accordance with 
previous agreements, no attempt was made to assass the pros and 
cons of DOD programmatic* relative to NASA programmatic*. The 
purpose of this study was to provide a qualitative assessment of , 
DOD programnatics . Study details ar« presented In Martin Marietta 
letter 73Y-81.183, dated October 19, 1973, Contract NAS8-29675, 

Assessment of DOD Prograsmatlcs . 

\ 

3.8.2 Summary of Results 

The DOD prograsmatic approach reduces the risk of modifications 
during production and operations because an operational test and 
evaluation (0T6E) Is conducted before commitment to fullscale 
production. However, this delays production and produces an 
uneven distribution In yearly funded requirements, which Is 
considered undesirable. 

Because the Tug fleet is relatively small (approximately 15) and 
centrally located, modifications can be readily incorporated 
after delivery. 

3.8.3 Recommendat ion 

It la recommended that comnit-to-production not be constrained 
by flight-test evaluation. Evaluations and reviews can be held 
in a timely fashion so that the start of production is not de- 
layed. * 
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Validation Phase tor Space Tug (Storable) 

3.9.1 Introduction 


The purpoac of thla section la to Identify recommended tasks for 
the Air Force validation Phaae of the Storable Space Tug Program. 
The taaka are identified in terms of specific outputs that must 
be backed up by preliminary design , analyses , and trade studies. 

The section is in general agreement with and in an expansion of 
the outputs Identified in APSCP 800-3. 

9 

It is assumed that supporting research and technology (SRI) tasks 
in the Appendix to Vol 5.0, Selected Option Data Dump (Ref 5.8) 
are conducted in parallel with or as part of the validation phase. 
The SRT tasks identified include the prototype testing necessary 
to define hardware characteristics and eliminate technology risks. 

Principal outputs of the validation phase are the Part I configura- 
tion item (Cl) detailed performance specification and interface 
requirements specifications. Criteria and requirements documents 
and detailed plans are provided to validate schedules and costs 
for the full-scale development and production phases. 

Outputs identified in the following paragraphs define requirements 
for the allocated baseline, which provides a firm foundation for 
comnitment to full-scale development. 

3.9.2 Validation-Phase Task Identification 

The following tasks are listed for the DOD validation phase. 

3.9.2 .1 Research and Technology (including hardware prototype 
testing) - This work is performed in parallel with or as part of 
the validation phase details presented in the supporting research 
and technology (SRT) appendix to Vol 5.0 of the Selected Option 
Datfi Dump (Ref 5.8). 

3. 9.2. 2 Specifi Cation (MIL-STD-490) 

1) Updated system specification 

2) Part I, configuration item (Cl) detailed performance specifi- 
cations for: 

(a) Prime equipment 

(b) Real property facility items 

(c) Noncomplex items 


(d) Computer programs 

(e) Critical identifiable engineering components 

3) Preliminary interface requirements specifications , I CDs 
(referenced in above specifications) for: 

(a) Tug to spacecraft 

(b) Tug to Orbiter 

(c) Tug Engine to Tug 

4) Procurement specifications for' long-lead items. 

3. 9. 2. 3 Criteria and Requirements Documents 

1) Design criteria 

2) Test and checkout criteria 

3) Operational software requirements 

4) GSE requirements (including software) 

5) Facility requirements 

6 ) • * Software -validation requirements 

7) Tooling requirements and tool specification orders 

8) Human factors criteria 

9) , Inventory equipment requirements 

3. 9 . 2 . 4 Plans 

1) contractor full-scale development plan, including configura- 
tion management plans, cost, and schedule control plan. 

2) Test plans 

(a) :r Integrated systems test plan 

(b) Full-scale development test plan, including component 
and subsystem development, qualification, acceptance, 
and flight-test evaluation 

(c) Additional' Cl prototype testing before full-scale develop- 


3) Training requirements plan 

4) Logistics plan 

5) Make-or-buy plan 

6) Design standardization program plan 

7 ) Manufacturing plan 

8) Advance process plan 

9) Mission success plan, including reliability assessment, 
quality assurance, maintainability, and failure reporting 
and tracking. 

10) Tug refurbishment plan 

11) Flight operations plan, including ground support 

12 ) Tug/Shut tle/payload management integration plan 

13) Safety plan 

14) Subcontractor management plan 

15) QIC plan 

16) Communications plan 

, 17) >Value engineering -plan 

18) . Transportation plan 

19) Plan for operational procedures 
3, 9.2.5 Schedules 

1) Full-scale development phase at the Cl level 

2) Planning schedules for the production phase at the Cl level 

3) 'Schedule commitments for subcontracted items 

4) Integrated schedules for Shuttle/Tug operations 
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3. 9. 2. 6 Costs 


D Es' imates at the Cl level for s cost-type proposal for the 
full-scale development phase 

2) Planning cost estimates at the Cl level for the production 

phase 

3) Cost estimates for major procurement items based on vendor 
quotations 

3. 9. 2. 7 Study Results 

\ 

1> System and subsystem trade studies, including cost and schedule 

2) Risk assessment, Including assessment of Supporting research 
and technology status 

3) Performance and targeting analyses 

4) Mission capability analyses 



3.10 Candidate 1974 Study Tasks for the High-Technology Space Tug 


3.10-. 1 Introduction 


This section identifies specific task;; that NASA should pursue in 
CY 1974 to evolve a High-Technology Space Tug (HTST) in the 1985 
time frame to supplement or replace the interim Orbit-to-Orbit 
Shuttle (OOS) for the Space Transportation System (STS). 

3.10.2 Summary 

NASA should make maximum use of Space Tug System Study results, 
recognizing the interim OOS in the STS. Results of these studies 
should be maintained, combined, and modified to provide a cost- 
effective plan to integrate the HTST into the STS in the 1985 
time period. Emphasis should be placed on continuation of mission 
modeling, identification of performance and programmatic require- 
ments, detailed advanced design studies in certain areas, in- 
vestigation of the entire spectrum of upper stages, mission and 
ground operations studies, and resolution of safety issues. 

3.10.3 Discussion 

A brief description of each task follows. 

3.10.3.1 Systems Analysis - The objective of the systems analysis 
tasks is to seek and define the most cost-effective program for inte- 
grating the HTST into the STS. Specific tasks are discussed below. 

a. Mission Model Assessment - During 1973, we evaluated more than 
40 mission models that were deterministic; i.e., the launch and 
retrieval data for a given spacecraft were specified. It is an- 
ticipated that such mission models will continue to evolve. These 
should be evaluated using typical HTST candidates, recognizing 
the existence of the interim OOS. Missions from whirl) the HTST 

is more cost effective should be identified. 

Mission models should also be examined, using a probabilistic ap- 
proach in which the launch date for a given spacecraft or satel- 
lite network is uncertain. Such modeling would take into account 
variations In satellite replacement due to random failures, in- 
fant mortality, and wear-out. This would in turn affect Tug 
fleet size and provide additional visibility to the variability 
of launch rate, fleet size, and cost. 

b. Cost-Effective ETST Programs - Tug/ spacecraft combinations 
should be examined in light of known Shuttle size and weight 
limitations to determine the most cost-effective method of 
satisfying mission model requirements. Interim OOS and HTST 
candidates should be evaluated and compared. Spacecraft mission 
requirements for the HTST should be identified as a result of 
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time phasing, performance capability, and costs relative to the 
interim 00 S . Rick-stage candidates evolving from the task de- 
scribed in paragraph 3.3.2 should be Included. 

c. Accumulate Cost Data and Evaluate Uncertainties - Cost data 

resulting from the Space Tug Systems Studies should be accumu- 
lated, documented, and cocq»ared. Discrepancies and uncertain 
areas should be investigated to obtain better cost data. Results 
of probabilities mission modeling will also indicate variations 
in operational costs for which probability distributions can be 
derived. 

d. Trade-Off Requirements versus Cost and Performance - During 
the Space Tug Systems Studies, certain requirements, ground rules, 
and assumptions drove the resulting design and programmatic op- 
tions. Trade-off studies should be conducted to optimise the 
requirements, performance, design, cost, and programmatics, which 
would lead toward identification and definition of the most cost- 
effective program. 

f . Sc dicing Mission Requirements - During the Space Tug Systems 
Study, some attention was given to a servicing mission. It 
should be further explored in 1974 to determine and evaluate 
specific requirements for rendezvous and docking, flight opera- 
tions, and spacecraft-to-Tug interface requirements. Design and 
operational studies should be conducted to better understand the 
operations and requirements of the Service Module (SM) and Service 
Replacement Unit (SRU) . 

f. Economic Studies of Spacecraft Retrieval and Servicing - The 

interim 00S provides for spacecraft delivery but cannot retrieve 
a disabled or spent spacecraft. The high-technology Space Tug 
will have retrieval as well as delivery capability; however, the 
economics of retrieval are controversial. Another alternative 
is to provide spacecraft servicing on orbit. 

The economics of selective spacecraft retrieval or servicing should 
be investigated to determine which spacecraft should be retrieved 
or serviced. Trade-offs should be baaed on costs lor spacecraft, 
refurbishment , and transportation. It is anticipated that the 
more expensive spacecraft justify retrieval , whereas heavier 
spacecraft would justify servicing. 

g. Program Plan - A program plan should be developed that leads 
to initiation of the development phase and thence to production 
and operation. Advanced studies, conceptual design, and sup- 
porting research and technology (SRT) tasks should be identified 
and scheduled. Major program milestones and decision points 
should be defined. The program plan would provide the basis for 
NASA's pursuit of the HTST and monetary expenditures. 


h. Maintain Ci*iteria and Spacecraft Definition - The Space Tug 

Systems Studies were based on certain criteria and spacecraft 
definitions. Other criteria, ground rules, assumptions, and in- 
terpretations evolved during the studies. These criteria should 
be maintained, updated, and expanded. Discrepancies and different 
Interpretations should be resolved and results documented. The 
results will provide the basis for the system performance speci- 
fication (para 1.) and the ultimate design specifications for the 
HTST. 

• , 

i. Prelirrinaty Ferfomanae Specification - A preliminary perfor- 
mance specification should be started in 1973, maintained, and 
updated in subsequent years. The specification should define 
overall performance requirements for the HTST system and pro- 
grananatic constraints. This would provide the basis for concep- 
tual studies, program definition and, ultimately, the basis for 
competitive contractor bidding. 

3.10.3.2 Upper-Stage Evaluation 

a. Background - All Tugs thus far defined have required kick 
stages of various energy requirements. Kick-stage requirements 
vary from those needed only for high-delta-velocity planetary 
missions for high-technology Tugs, to those needed for 50% of 
geostationary placement missions for the reusable 00S. The kick 
stages vary in size as a function of mission requirements and 
Tug capability. Simple state-of-the-art solid-rocket-motor kick 
stages have generally been satisfactory for geostationary place- 
ment with the OOS, and to a lesser extent for planetary missions. 

Higher-energy kick stages have been considered for many planetary 
applications. These include low-thrust, very-high I ion-pro- 
pulsion stages powered by solar-electric or nuclear-electric 
systems. These higher-energy kick stages have also been con- 
sidered for possible geostationary applications such -as space- 
craft retrieval and on-orbit spacecraft service. 

Between the high-energy kick stages and the state-of-the-art solid- 
rocket-motor kick stages lie flourine-based liquid-propellant 
stages, higher-performance, efficiently packaged solid-rocket- 
motor kick stages, liquid-propellant kick stages derived from 
Transtage hardware, and kick stages based on planetary-orbit - 
inject propulsion systems. 

b. Study Approach - The entire matrix of kick-stage possibilities 
should be assessed for application to the various Tug configura- 
tions currently under consideration. Cost, performance, and mis- 
sion capture evaluation and trade-offs should be conducted to 
establish Tug-to-kick-stage "best fit" and cost effectiveness. 

The logical transition of a select kick stage from interim OOS to 


a high-technology Tug is an obvious goal. In particular, a kick 
stage based on Transtage consonants should be sized for optimum 
fit for reusable 00 S geostationary delivery and for later appli- 
cation to high-technology Tug planetary delivery. 

High-energy kick stages should be evaluated for multiple appli- 
cation with interim and high-technology Tugs, with emphasis on 
use with 00 S to capture the NASA planetary segment of the mission 
model . 

a. Sequence - Kick-stage, assessment should follow the sequence: 

1) Mission requirement assessment of various user's desires and 
available mission models (to be worked in conjunction with 
the previous task) ; 

2) Mission requirement assessment as a function of Tug delivery 
capability: 

3) Stage sizing; 

4) Mission capture of various Tug/kick-stage combinations; 

5) Cost assessment and economic effects of various Tug/kick- 
stage combinations : 

6) Selection of optimum kick-stage configurations. 

3.10.3.3 Advanced Design 

a. Structures 

1) Propellant Slosh Analysis - Satisfactory methods and computer 
analyses of propellant behavior in slanted or asymmetric tanks 
should be developed. This includes the Interaction of fluid 

, with thin-walled tanks as it pertains to structural loads and 
control-system stability. 

2) Lightweight Structure (Composites) for Nontank Structure - 
Additional studies of the application of composites to mini- 
mize nontank or skirt structural weight should be conducted. 

, , This would use the loads and configuration applicable to con- 
cepts as defined in the Space Tug Systems Studies and would 
, be in addition to the work now being done under contract 
NAS8--29979 , "Design Fabrication and Test of Lightweight Shell 
Structure." 
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3) Docking Ik chan 1» ms 


- Generate a more detailed preliminary design of the docking mech- 
anism concept resulting from the Space Tug Systems Studies. 

- Perform preliminary dynamic analysis of this preliminary design. 

- Begin work to develop analytical tools for docking and capture 
of an elastic spinning satellite. 

h. Propulsion 

a 

1) Propellant Dump Philosophy and System Sating - The execution 
of "in-space*' dumping of storable propellants and provision 
of 8 safe and passive propulsion system after a mission or 
mission abort has been recognized as a prime area of concern. 

A study should be undertaken to establish the propellant dump 
philosophy and system safing technique. 

2) Evaluation of Propellant Utilization Systems - Controlling 
propellant residuals is considered a critical problem in 
minimizing weight penalties for the Space Tug main propulsion 
system. To minimize propellant residuals, an accurate and 
reliable propellant utilization (FU) system must be vised that 
includes a propellant quantity gaging system and necessary 
control electronics and mechanisms. The objective is to 
evaluate and select the preferred PU system and establish 
its performance. 

c. Avionics 

1) Plight Test Feasibility Studies - A study should be made to 
investigate the feasibility of an avionics subsystem and 

. components test philosophy based on "piggyback" on the in- 
terim 00 S. That is, the interim OOS will provide the perfect 
test bed for qualification and testing of data mahagement, 
power, mid especially navigation equipment (one-way Doppler, 

' inter fermeter landmark tracker, horizon sensors, scanner 
laser radars, etc) of new design Intended for the mid 1980s. 

If the test concept appears feasible, a plan should be roughed 
out and the program Impact assessed. 

2) Tault* isolation and Replacement Philosophies - A comparison 
of fault isolation and replacement philosophies should be 
conducted. This should Include redundancy planning philoso- 
phy, data management pilot-copilot or majority-vote and soft- 
ware routines. This study cannot be performed without a 
cursory analysis, replete with assumptions as to the caution 
and warning philosophies of the Orbiter. 


* 
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3) On-Board Checkout - An Investigation should be made to deter- 
mine the cost savings and technical advantages of system 
checkout through the use of the flexible signal interface 
data-management approach. The approach must be deepened 
somewhat to include the assumption of black-box characteris- 
tics, then a vendor control technique can be developed and 
expanded to provide the cost savings data. 

A) Rendezvous and Docking - Blind rendezvous and docking should 
be Investigated by: 

- Developing the guidance algorithms; 

- Investigating the applicability of our Mars landing-site- 
selection hardware (image dissector) and accompanying soft- 
ware (edge detection Sun/shadow) to blind dock to a co- 
operative vehicle. 

An emperial study should be made of man-in-the-loop rendezvous 
and docking using the Martin Marietta space operations simu- 
lation laboratory, studying the effects of: 

- Delay in picture, range data; 

- Degradation in the reconstructed picture; 

Minimum time-line maneuvers. 

This effort can be done for two manmonths of effort if the 
laboratory is up and running for other purposes. This was 
the case in 19/3 and may be in 1974. 

5) Communi cations - Investigate in-depth Orb iter communications 
interface with the Tug vehicle—— recommend optimum frequency 
allocation or compatible Orbiter, Tug, spacecraft, relay 
satellite and ground network RF links. 

6) Solar Array or Fuel Cells - A study should be made of solar 
arrays versus fuel cells for the HIST. This study should 
relate, the development of these technologies to selection of 
the interim 00S and to the heavy impact on cost and develop- 

fit, , t ; 

7) Solar-Array Deployment - A study should be conducted to define 
problems associated with deployable equipment like solar 
arrays and antennas. The study should include life time 
cycling, ACS impingement, emergency action on failure before 
Orbiter/Tug retrieval, contamination. Sun-shadow effect, and 
interference. 
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d. Interfaces - Additional studies should bs conducted to ensure 
that HTST and 00 S Interfaces with the Orblter are compatible in a 
nanner that requires minimum Shuttle modification when transition- 
ing from the OOS to the HTST. Items requiring additional study 
are: 

1) A satisfactory method of achieving proper alignment and place- 
ment of the Tug In the Cradle; 

2) A suitable method of latching # and unlatching the Tug retention 
devices on the Cradle; 

3) Number of Tug-to-Cradle Interface points to obtain minimum 
weight ; 

4) A method of making remote connections of the Cradle- to -Tug 
umbilical s ; 

5) Location and method of support for Cradle-to-Orblter dump 
lines and electrical umbillcals; 

6) Review and comparison of OOS structural, mechanical, elec- 
trical and functional requirements. Recommend OOS/Orbiter 
interface conpromise6 to accept HTST with minimum modifica- 
tion and/or HTST compromises to be compatible with OOS/Orbiter 
interfaces. 

7) Study the effects of converting from an interim storable OOS 
to a cryogenic HTST. 

3.10.3.4 Mission Operations - Systems operability studies should 
be continued concurrently with systems analyses and advanced de- 
sign studies. The ground and in-flight checkout philosophy 
should be established and crew involvement defined. Constraints 
or operational limitations should be identified, documented, and 
maintained. 

3.10.3.5 Ground Operations - The functional flow, test require- 
ments, checkout philosophy,’ GSE and facility requirements evolving 
from the systems studies should be maintained and up-dated. Dif- 
ferences between the studies should be compared and resolved. 
Cleanliness requirements, propellant handling and Tug refurbish- 
ment, handling, and installation in the Orblter should be studied, 
trade-offs conducted, and preliminary requirements defined. Con- 
siderations should be given to integration with interim OOS ac- 
tivities , and Orblter and spacecraft integration. 
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3.10.3.6 Safety 


a. Trade-off and sensitivity studler should be conducted to 
determine the effects of safety requirements on vehicle design, 
performance, and cost. For example, safety criteria used for 
the Space Tug Systems Study are more conservative than those 
for 00S. 

b. Additional studies should be conducted to: 

1) Identify propellant fire hazards and preventive action; 

2) Explore the possibility of propellants freezing in lines; 

3) Explore the possibility or degree of Orbiter contamination 
and preventive action; 

A) Resolve safety issues of hypergolic and cryogenic propellants. 


CONCLUSIONS AND RECOMMENDATIONS 


FINAL OPTION DEFINITIONS AND SENSITIVITY STUDIES 

We have Addressed the study objectives end key issues in a logical 
and systematic tanner, and have defined the final options and 
associated prograsmatics and cost in depth. A supporting research 
and technology (SRT) program has been identified to minimize pro- 
gram risk. Sensitivity studies and additional analyses lave pro- 
vided additional insight. The significant results and conclusions 
are sunnarized as follows: 

- 1002 mission capture (about 500 spacecraft) can be achieved 
with a small (approximately 15) Tug fleet. 

- A few (approximately 10) Tuge and kick stages must be expended 
to capture the very high-energy planetary missions. 

- Any spacecraft delivered can be retrieved using a delayed re- 
trieval flight mode. 

- Multiple spacecraft delivery minimizes the number of Shuttle 
flights required. 

- Tug length is as important as delivery capability in minimizing 
the number of Shuttle flights. 

- The storable Tug can readily accomplish a 30-day servicing 
mission. 

- Spacecraft retrieval is relatively inexpensive to develop, but 
expensive to routinely implement. 

- The Tug main stage should consist of a single stage. 

- A high level of safety and reliability can be achieved; safety 
and reliability are equal drivers. 

- Storable propellants provide maximum safety due to their sta- 
bility and precise reaction predictability; tank venting is 
not required after loading. Storable propellants have been 
used for more than ten years without a disabling injury or 
major incident. 

* Storable Tugs offer efficient use of payload-bay volume, simple 
interfaces with Orbiter and ground systems, safe operating 
modes, and simple design leading to low DDT&E costs. 


- Us* of separation and docking modules significantly increases 
the flexibility of the Tug and is cost affective. 

- Autonomy levels do not significantly affect Tug performance 
end cost. 

- The final option definitions advance the state of the art with 
minimum development costs. 

• The reusability of the selected • storable Tug configurations 
provide minimum production and operating costa. 

• The final option definitions provide minimum risk of achieving 
performance goals within the estimated costs and schedules. 

- Considerable cost savings can be achieved by revising the 
ground rules and assumptions used or evolved during the study. 

- Extending the DDT&E phase reduces peak funding* but slightly 
increases total coot. 

- The main engine should not be phase-developed . 

- Comnl t- to-pr oduc tion should not be contingent on flight-test 
evaluation (DOD programmatics) . 

.2 REVISED OPTION DEFINITIONS 

Final option definitions and associated programmatic* and costs 

were presented in the Selected Option Data Dump (Ref 5.8) in 

September 1973. Some of the above conclusions indicate that the 

final option definitions should be revised, specifically: 

- Delete life test article and thermal-effects test article; 

- Assume no cradle attrition; 

- Load propellant on pad (but out of Orblter); 

- Use central tug maintenance and checkout facility (CTMCF); 

- Us* existing facilities; delete Class 100,000 cleanliness 
requirement ; 

- Assume control center equipment and maintenance is provided 
as GFP (use existing equipment); 

- Assume control center crew is provided by the government and 
is not charged to Tug; 
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“ Perform acceptance testing in CTMCF; 

- Train NASA and DOD crews jointly; 

- Do not Include kick-stage DDT&E costs in Tug costs; 

- Start DDT&E phase one year earlier for Option 2; 

- Do not phase the engine (Options 3 and 3A); delay Initial IOC 
one year; do not drive the program to 100% capture In 1931. 

Accordingly, this section presents the recommended "revised option 
definitions" that incorporate the above revised ground rules and 
assumptions. 

Table 4-1 presents the requirements for the revised option defi- 
nitions; the lower section summarizes the differences between the 
requirements for the final option definitions and the revised 
option definitions. The cost savings items result from the above 
revisltu6 to certain ground rules and assumptions used or evolved 
during the study. Because all Tug candidates (Interim, cryogenic, 
or storable) require kick stages, which are not well defined, 

DDT&E costs for kick stages are not included in the total costs. 
DDT&E is started one year earlier in Option 2 to reduce annual 
peak funding requirements. The engine is not phased in Options 
3 and 3A, and the IOC for the Phased Tug- Initial at ETR is delayed 
one year; a build-up in flight rate and crew size is also pro- 
vided at WTR and ETR rather than drive the program directly to 
100% capture in 1981. Table 4-2 presents a summary description 
of the revised option definitions. Including physical character- 
istics, performance capabilities, and identification of major 
subsystems. 

Table 4-3 presents the mission accomplishment for the revised 
option definitions, including programmatic considerations. The 
flight rate Is limited in the first two years of operations and 
reliability losses are included. Table 4-4 compares the number 
of flights used for programmatics wiv.h the number of flights re- 
quired for 100% capture. 

Table 4-5 presents the significant programmatic data for the Re- 
vised Options. Crew sizes during the first two years of operations 
are smaller than those shorn, due to the build-up in flight rate. 
Except for Option 1, use of a centralized tug maintenance and 
checkout facility (CTMCF) reduces crew size and Tug fleet size. The 
length of the operational program and crew size drive the opera- 
tional costs. Fleet size affects production costs and is primarily 
driven by the number of expendables and reliability losses. Note 
that a large number of flights is accomplished with a small Tug 
fleet, due to the reusability of the Space Tug (Storable). 
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Table 4-1 Requirements for Revised Option Definitions 
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Table 4-3 Summary of Mission Accomplishment with Programmatio 
Considerations* - Revised Options 
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Revised 
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Spacecraft Delivered 


Total 
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Total Spacecraft 


Delivery Flights 


NASA 
DOD - 

Total 


Retrieval Flights 


Total 

Total Flights 



Total mission model reduced for Shuttle limitations and 
build-up rate. Flights are increased for reliability losses * 
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Table, 4-6 Prograrmatio Factor 8 for Revised Options 
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Table 4-6 summarizes the total costs for the Revised Options. 

DDT&E costs for the kick stages are not included. The cost of 
supporting research and technology (SRT) is shown, but not in- 
cluded in the totals. The cost per flight is based on operating 
cost and does not include the cost of expendables. Shuttle costs 
are based on $10,500,000 per flight, Tug costs for Revised 
Option 2 are greater than for Revised Option 1, due to the greater com- 
plexity in DDT&E. Production cost per unit is higher, however, 
fleet size is smaller. The span time for Revised Option 2 is 
shorter, which tends to reduce operations costs. Tug costs for 
Revised Option 3 are higher than for Revised Option 2, due to the 
phased development, larger fleet size, and longer operational 
program. Because Revised Option 3 has significantly more flights, 
the cost per flight is less. Tug costs for Revised Option 3A are 
greater than for Revised Option 3, due to added development and 
production costs of the drop tanks, which are expended. Because 
the number of flights is only slightly reduced, the cost per 
flight is higher. Transportation costs are driven by Shuttle 
costs, which are in turn driven by the number of flights. Revised 
Option 3A is an exception because Tug costs are significantly 
greater than for Revised Option 3; however, the number of flights 
is only slightly reduced. 

4.3 SUGGESTED ADDITIONAL EFFORT 

During the Space Tug Systems Study, it was decided that the De- 
partment of Defense would provide an interim Tug, referred to as 
the Orbit-to-Orbit Shuttle (00S), while NASA would pursue the long 
range Tug referred to as the High Technology Space Tug (HTST) . 

NASA should make maximum use of the Space Tug System Study results, 
recognizing the interim OOS in the Space Transportation System 
(STS). Results of these studies should be maintained, combined, 
and modified so as to provide a cost-effective plan to integrate 
the HTST into the STS in the 1985 time period. Enphasis should 
be placed on continuation of the mission modeling, identification 
of performance and programmatic requirements, detailed advanced 
. design studies in certain areas, investigation of the entire 
spectrum "of upper stages, continuation of mission and ground op- 
erations studies, and resolution of safety issues. 


4-9 


Table 4-6 Cost Sur^nary far Reoioed Option Definitiono 






The following list summarizes specific tasks that should be started 
in CY 1974 by NASA and its contractors. 

a. Systems Analyses 

- Assess deterministic and probabilistic mission models 

- Identify cost-effective HTST programs 

- Accumulate cost data and evaluate uncertainties 

- Trade off requirements versus cost and performance 

- Study servicing mission requirements 

- Conduct economic studies of spacecraft retrieval and servicing 

- Develop a program plan 

- Maintain criteria and spacecraft definitions 

- Develop a preliminary performance specification. 

b. Upper (Kick) Stage Evaluation 

- 'Evaluate the entire spectrum of kick-stage possibilities for 
common application to the interim DOS and HTST 

- Evaluate a kick-stage derived from Transtage components. 
a. Advanced Design 

1) ' Structures 

- Develop propellant slosh analyses 

- Conduct additional studies of composites 

- Generate preliminary design of docking mechanisms and per- 
form preliminary dynamic analyses. 
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2) Propulsion 

- Establish propellant philosophy 

- Evaluate propellant utilization systems. 

3) Avionics 

- Study feasibility of 00S flight test 

- Establish fault isolation and replacement philosophies 

- Investigate on-board checkout 

- Conduct rendezvous and docking studies 

- Investigate communications interfaces 

- Trade off solar array versus fuel cells 

- Study solar-array deployment. 

A) Interfaces 

- Compare 00S interfaces with HTST 

- Identify 00S, HTST, and Shuttle compromises to achieve 
compatibility 

- Determine the effects of transitioning from an 00S of one 
propellant to an HTST of another propellant. 

d. Mission Operations 

- Establish checkout philosophy 

— Define crew participation 

— Identify operational constraints. 
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Ground Operations 

Maintain and update previous studies 
Resolve differences 
Conduct trade-off studies 
Integrate HTST operations with 00S. 

Safety 

Trade off safety requirements with performance and cost 
Revolve safety Issues., 


.0 


REFERENCES 


The following list Includes the entire spectrum of output end 

Input documents for the Space Tug Systems Study (Storable). 

a. Study Output Documents (Contract NAS8-29675 ) 

5.1 Phase A Study Plan, Space Tug Systems Study (Storable). 
MCR-73-65. Martin Marietta. Corporation, Denver, Colorado, 
April 11, 1973. 

5.2 Orientation Briefing, Space Tug Systems Study (Storable) . 
MCR 73-68. Martin Marietta Corporation, Denver, Colorado, 
March 7, 1973. 

5.3 Requirements Assessment Presentation, Space Tug Systems 

Study (Storable) . MCR-73-82. Martin Marietta Corporation, 

Denver, Colorado, April 11, 1973. 

5.4 First Review Presentation, Space Tug Systems Study (Stor- 
able) . MCR-73-151. Martin Marietta Corporation, Denver, 

Colorado, May 30, 1973. 

5.5 Program Concept Evaluation, Space Tug Systems Study (Stor- 
able). MCR- 7 3- 19 3. Martin Marietta Corporation, Denver, 
Colorado, July 19, 1973. 

5.6 System Detailed Assessment Briefing Addendum , Space Tug 
System Study (Storable) . Martin Marietta Corporation, 
Denver, Colorado, July 19, 1973. 

5.7 Data Package, Space Tug Systems Stu y (Storable) . Martin 

Marietta Corporation, Denver * Colw do, July 19, 1973. 

5.8 Selected Option Data Dump , Space Tug System Study (Stor- 
able). Vol 1.0 through 8.0, MCR-73-235. Martin Marietta 
Corporation, Denver, Colorado, September 1973. 

5.9 Final Report (Preliminary), Space Tug Systems Study (Stor- 
able). Vol 1.0 through 3.0, MCR-73-314. Martin Marietta 
Corporation, Denver, Colorado', December 1973. 

5.10 Safety Presentation, Space Tug Systems Study (Storable) . 
Martin Marietta Corporation, Denver, Colorado, August 9, 

- 1973. 

5.11 Reliability Presentation, Space Tug Systems Study (Stor- 
able) . Martih Marietta Corporation, Denver, Colorado, 
August 9, 1973. 


5-1 


5.12 Data Package, Space Tug System Studies. George C. Marshall 
Space Flight Cancer, Huntsville, Alabama , April 1973. 

5.13 Space Shuttle System Payload Accommodations, Space Shuttle 
Program. JSC 07700, Vol XIV. Lyndon B. Johnson Space 
Canter,- Houston, Texas, April 13, 1973. 

5.14 Tug Operations and Payload Support Study (TOPSS) . George 
C. Marshall Space Flight Center, Huntsville, Alabama end 

North American Rockwell Corporation, Downey, California. 

* 

5.15 Space Shuttle Flight and Ground System Specification. JSC 
07700, Vol X. Lyndon B. Johnson Space Center, Houston, 

Texas, March 20, 1973. 

5.16 Natural Environment Design Requirements for the Space Tug. 
NASA TMX-64713. George C. Marshall Space Flight Center, 
Huntsville, Alabama, January 5, 1973. 

5.17 Space and Planetary Environment Criteria Guidelines for 

Use in Space Vehicle Development , NASA TMX-64627 . 1971 

Revision. George C. Marshall Space Flight Center, Hunts- 
ville, Alabama, November 15, 1971. 

5.18 Structural Strength Design and Verification Program Require- 
ments . MSFC-HDBK-505 . George C. Marshall Space Flight 
Center, Huntsville, Alabama, June 1, 1971. 

5.19 Network Integration Study. SDN-909. Goddard Space Flight 
Center, Greenbelt, Maryland, June 1972. 

5.20 Svace Shuttle Pyrotechnic Specification. MJ072-0005. 

Lyndon B. Johnson Space Center, Houston, Texas. 

5.21 Safety , Reliability, Maintainability and Quality Assurance 
Provisions for the Space Shuttle Program. NHB 5300.4 (ID). 
National Aeronautics and Space Administration, Washington, 
District of Columbia. 

* -i * 

5.22 Space Flight Hazards Catalogue. MSC 00134. Manned Space- 
craft-Center (Lyndon B. Johnson Space Center), Houston,. 
Texas; January 1970. 

5.23 Flight Systems Design, Skylab System Safety Check List. 

S A-00 3-002- 2H. Manned Spacecraft Center (Lyndon B. Johnson 
Space Center), Houston, Texas, November 1971. 

5.24 NASA Safety Program Directive Number ?. National Aeronautics 
and Space Administration, Washington, District of Columbia. 


5-2 



5.25 Basic Safety Requirements. NHB 1700.1 (VI) 1. National 

Aaronautics and Space Administration, Washington, District 
of Columbia. 

5.25 The KSC Safety Program. KMI 1710. 1BSF. John F. Kennedy 

Space Center, Kennedy Space Canter, Florida, October 9, 1973. 

5.27 Space Tug System Study, Annex A, DOD Mission Descriptions 

(U). 0. S. Air Force Space and Missile Systems Organization, 

Los Angeles, California, April 11, 1972, Item 2a, p 2. 
(Secret) . 

5.28 DOD Mission Model for Space Transportation System Mission 
Analysis (U) . U. S. Air Force Space and Missile Systems 
Organization, Los Angeles, California, March 21, 1971, 

Revised August 10, 1971 (Secret). 

5.29 A Guide for Program Management. AFSCP 800-3. Air Force 
Systems Command, Washington, District of Columbia. 

5.30 Reliability Stress and Failure Rate Data for Electronic 
Equipment. United States Government Printing Office, 
Washington, District of Columbia, December 1, 1965. 

5.31 Requirements for System Safety Programs for Systems and 
Associated Subsystem and Equipment. MTL-STD-882 . Air 
Force Systems Command , Washington, District of Columbia, 

‘ * July 15,’ 1969 

5.32 Checklist of General Design Criteria. AFSC DH1-X. U.S. 

Air Force Aeronatuical Systems Division, Wright -Pat ter son 
Air Force Base, Ohio, January 15, 1970. 

5.33 Range Safety Manual. AFETR 127-1, Vol I. Air Force Systems 
Command, Washington, District of Columbia, September 1, 

1972. 

5.34 Handbook of Piece Part Failure Rates. T-70-48891-007. 

Martin Marietta Corporation, Denver, Colorado, June 22, 

1970. 

***..'*? 4c ■ *( 

5.35 Handbook of Long Life Space Vehicle Investigations. M-70-16 

,.r T (T-70-48891-012) . Martin Marietta Corporation, Denver, 

Colorado, December 1970. 

5.36 Shuttle Orbital Applications and Requirements Follow-on 
(SOAR II). Vol XI • Safety. McDonnell Douglas Corporation, 
St. Louis, Missouri, April 1973. 

5.37 Safety in Earth Orbi ■ / 3D-72-SA-OOS . North American Rock- 

well Corporation, r -«/, California, July 1972. 


5-3 


5.38 In-Space Propellant System Safety. SD-72-SA-0054-1. Vol I, 
II, III. North American Rockwall -Corporation. Dovmay, 
California, June 23, 1972. 

5.39 Advance Mission Safety. (ATR-72 (7316-01)- 1. Aerospace 
Corporation, El Segundo, California, October 15, 1973. 

5.40 Air Force Satellite Control Facility System Planning In- 
formation (U). Aerospace. TOR-0059 (6770-04)-4 . Aerospace 
Corporation, El Segundo, California, October 15, 1970 
(Secret) 

5.41 Reliability Estimation for Chemical Propulsion System. 

Stanford Research Institute, Menlo Park, California, May 
1970. 


